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Abstract
Third generation synchrotron facilities such as the Diamond Light Source (DLS) have
a wide range of experiments performed for a wide range of science fields. The DLS
operates at energies up to 150 keV which introduces great challenges to radiation detector
technology.
This work focuses on the requirements that the detector technology faces for X-ray
Absorption Fine Structure (XAFS) and powder diffraction experiments in I12 and I15
beam lines, respectively. A segmented HPGe demonstrator detector with in-built charge
sensitive CUBE preamplifiers and a Schottky e- collection CdTe Medipix3RX detector
systems were investigated to understand the underlying mechanisms that limit spectro-
scopic, imaging performances and stability and to find ways to overcome or minimise
those limitations.
The energy resolution and stability of the Ge demonstrator detector was found to have
the required characteristics for XAFS measurements. Charge sharing was identified as a
limiting factor to the resolution which is going to be addressed in the future development
of a full detector system as well as reductions in electronic noise and cross-talk effects.
The stability study of the Schottky CdTe Medipix3RX detector showed that polar-
ization is highly dependent on temperature, irradiation duration and incoming flux. A
new pixel behaviour called tri-phase (3-P) pixel was identified and a novel method for
determining optimum operational conditions was developed. The use of the 3-P pixels as
a criterion for depolarization resulted in a stable performance of the detector. Further-
more, the detector was applied in powder diffraction measurement at the I15 beam line
and resulted in the detector diffraction pattern matching the simulated data.
CdTe Medipix3RX and HEXITEC spectroscopic imaging detectors were applied in
identification and discrimination of transitional metals for security application and K-
edge subtraction for medical applications. The results showed that both detectors have
potential to be applied in fields outside synchrotron radiation.
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Chapter 1
Introduction
1.1 Radiation Detectors
Since the discovery of X-ray radiation by Roentgen in the late 19th century, scientists
have been actively researching ways to detect and measure ionising radiation. Over the
last century, the radiation detector technology has developed from phosphorescent screens
used by Roentgen to discover X-rays to three main types of detectors that provide instant
readout: gas filled, scintillation and semiconductor detectors.
The most commonly known gas-filled detector is the Geiger-Muller tube which is used
for detection of ionising radiation. The principle behind Geiger-Muller tube is as follows.
There is no current between two contacts under normal conditions. However, when an
ionising radiation enters the detector medium, ions and electrons are created in the gas.
The electrons are accelerated by an applied electric field, which results in an avalanche
effect and a large current is measured. The G-M tube does not provide any spectroscopic
information about the detected ionising particle which makes it not usable in spectroscopic
applications but very useful for radiation monitoring [1].
The advantage of scintillation detectors is that they can measures spectroscopic infor-
mation about the incident radiation. Scintillation detectors are comprised of a scintillator
coupled to a photomultiplier (PM) tube. When incident radiation enters a scintillator ma-
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terial it interacts with a large number of atoms causing them to enter an excited state.
The excited states relax emitting photons of visible or near-visible wavelengths. These
emitted photons enter a photosensitive layer which produces photo-electrons. The photo-
electrons are multiplied in the PM tube and result in a detected signal. The amount
of emitted photons is constant, hence, the spectroscopic information about the incident
radiation can be extracted from the generated pulse signal [1].
The desire to achieve better energy resolutions compared to scintillation detectors led
to the development of semiconductor detectors. In these detectors, the incident radiation
in the semiconductor crystal generates electron-hole pairs which are collected with an
applied electric field and results in an electrical signal. The number of electron-hole pairs
generated is proportional to the energy of the incident radiation, thus, allowing to obtain
the spectroscopic information of the incident radiation. Furthermore, the incident radia-
tion creates a significantly larger number of charger carriers in semiconductor detectors
than in scintillation or gas-filled detectors due to lower W value and higher density of the
detector medium, which allows excellent energy resolution to be achieved [1]. The higher
the number of generated charge carriers the smaller the statistical error in the generated
signal, thus, resulting in higher energy resolution.
1.2 Applications of Radiation Detectors
The semiconductor detectors are employed in a wide range of applications such as medical
imaging, security, material sciences and more. In medicine radiation is employed for diag-
nostic and treatment purposes. Medical imaging uses radiation detectors for radiography,
computed tomography (CT), positron emission tomography (PET), mammography and
other imaging techniques. Security applications utilise radiation in screening people and
their luggage at airports for harmful and illegal substances or weapons; cargo containers
in between borders for smuggling of nuclear weapons and more. For material sciences syn-
chrotron radiation facilities are used in order to study the atomic structure of crystalline
2
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samples. The third generation synchrotron radiation facilities are employed to create high
flux X-ray beams for applications that study the atomic structure of samples and is used
by researchers in a wide range of fields such as biology, chemistry, pharmacology and
other.
In the ideal scenario, a perfect detector would exists that would have infinite sensitiv-
ity and specificity, accuracy, dynamic range, etc. However, in each of the aforementioned
applications trade-offs are made in order to maximise the application of radiation detector
depending on the limitations. In security applications, such as airport screening, a radia-
tion detector needs to have high spatial resolution, high sensitivity, operate at energies up
to 200 keV, as well as, be capable of imaging low Z materials. [2]. Energies above 200 keV
results in reduction in the image contrast as well as causes the radiation shielding to be
cumbersome. In medical imaging applications such as radiography and mammography,
the radiation detectors needs to have high spatial resolution, high sensitivity, large area
to minimise the exposure to the patient, and large dynamic range in order to improve
the contrast of tissues with similar densities [3]. In material science applications, such
as crystallography, the radiation detector must cope with synchrotron radiation facility’s
environment, thus requiring to have high efficiency, short read-out rates, high dynamic
range, high spatial resolution [4].
1.3 Motivation
Diamond Light Source (DLS) [5] is a third generation synchrotron with, currently, 26 op-
erational beam lines and has a wide range of experiments performed there. The radiation
detector technology faces a lot of challenges at a facility like this as each beam line will
need a specific radiation detector system for optimal usage. Some experiments require
exceptional spectroscopic performance while others need high read-out rates or superb
spatial resolution. In many cases the radiation detectors must have a combination of all
of these parameters. The problem arises from the fact that a detector cannot be perfect
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and a trade-off must be made. For example, spectroscopic performance is sacrificed for
higher readout rate and so on.
Another important aspect is the operational energy in the beam line. The DLS can
operate at energies up to 150 keV which is currently a limiting factor for most commercially
available Si-based detector systems. Si detectors are only efficient for absorbing X- and
γ-rays for energies up to 25 keV as the absorption efficiency drops drastically above
this value due to low atomic number of Z = 14. In order to bypass this limitation,
semiconductor materials of higher atomic number such as Ge, CdTe and many others are
actively researched. Ge detectors have the highest purity crystals and are known to have
excellent energy resolution in the energies ranging from 1 keV to 1 MeV and higher. The
drawback of Ge detectors is that they have to be cooled to 77 K which results in the
detector systems having a bulky cryostat attached. The cooling is required due to small
band gap of Ge of 0.67 eV at room temperature. At room temperature the small band
gap causes a large number of the thermal charge carrier being generated which flood
the detector and prevents obtaining a clear signal from the absorbed radiation. Also,
the spatial resolution can be limited by the large pad sizes of segmented Ge crystals as
currently used Ge detector at the I12 beam line has a pad size of 5 mm x 5 mm.
For powder diffraction experiments, the detector technology requires high spatial res-
olution in order to discriminate the detected diffraction pattern. CdTe-based detector
systems such as Medipix [6] meets the spatial resolution requirement as they have a pixel
size of 55 µm x 55 µm. Also, the high atomic number of CdTe Z = 49 allows the usage
of this semiconductor in hard X-ray experiments. The development of a state of the art
Schottky CdTe Medipix3RX detector with superb readout rate and spectroscopic capabil-
ities is of great use to synchrotron applications. The spectroscopic imaging allows the user
to obtain energy information in addition to the position which is useful in Laue diffraction
experiments. An issue associated with CdTe detectors is the instability of performance
that arises due to traps inside the crystals, namely, polarization which has a strong effect
on detectors with Schottky contacts.
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1.4 Thesis Outline
The detector technology faces a real challenge to meet the third generation synchrotron
radiation facilities requirements. Si-based detectors are not efficient enough to operate
in the energy range that the DLS operates at. The main motivation of this project
was to overcome a part of this challenge, thus, a Ge demonstrator detector and a CdTe
Medipix3RX detector were developed. These detector systems were studied for underly-
ing physical mechanisms that limit their performance in terms of energy resolution and
stability and means to potentially overcome or minimise those limitations for the require-
ments for I12 and I15 beam lines. Furthermore, the versatility of spectroscopic imaging
Medipix3RX and HEXITEC detector was applied in medical and security applications as
their superb characteristics allows them to compete with the currently used systems.
• Chapter 2
Chapter 2 provides a theoretical background to semiconductor detectors. This chapter
provides an overview on interaction processes between radiation and semiconducting ma-
terial followed by a discussion on semiconductor physics. Also, the physics behind hard
X-ray applications discussed later in this work is provided. Finally, an overview of the
growth methods of CdTe crystals and post-processing for increasing the crystal quality is
presented.
• Chapter 3
Chapter 3 focuses on characterisation of a Ge demonstrator detector system with
custom in-built charge sensitive preamplifiers. The methodology behind the spectroscopic
performance and charge sharing effect evaluation is presented. The results of the front-
end electronics characterisation, spectroscopic performance evaluation and stability as
a function of employed readout electronics, time and radiation flux is presented. The
chapter is concluded with charge sharing evaluation results from the B16 beam line at
the DLS.
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• Chapter 4
Chapter 4 focuses on investigation of the effects of polarization on the Schottky e-
collection CdTe Medipix3RX detector system as a function of temperature, flux and irra-
diation time as polarization is the main cause of instability and degradation of detector’s
performance. A new pixel behaviour was identified during this project. This is followed
by the discussion on bias voltage refresh of the detector as a means of depolarization. The
final section discusses a newly proposed method for establishing an Optimum Operational
Conditions (OOC) chart which determines how the time of bias voltage refresh depends
on temperature and radiation flux on the detector and ensures stable operation of the
detector.
• Chapter 5
The final results chapter focuses on applying Medipix3RX and HEXITEC spectro-
scopic imaging detectors in a range of hard X-ray applications. The chapter presents a
direct comparison of spectroscopic and imaging performances of both systems. This is
followed by a discussion of results from applying both systems in identification of transi-
tional metals which would be useful in security applications. Afterwards, the results from
applying both systems in medical application are presented. The detectors performed
K-edge subtraction on an Iodine phantom in order to simulate X-ray mammography ex-
periment. The chapter is concluded with results and discussions of powder diffraction
measurement taken using the Medipix3RX system at the I16 beam line at the DLS.
• Chapter 6
The final chapter of the thesis gives a summary of the major findings of the project
as well as suggestions for future work.
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Detector Physics
2.1 Electromagnetic Radiation Interaction with Mat-
ter
All semiconductor radiation detectors are operated based on the same idea, that radiation
enters the detector and deposits most, if not all, of its energy through various interactions
with atoms in the material, thus, generating a detectable current pulse. Electromagnetic
radiation such as X-rays and γ-rays interact with material in three dominant methods:
photoelectric absorption, Compton scattering and pair production. The probability for
an interaction to occur is dependent on the atomic number (Z) of the material and the
initial energy of the incoming radiation as displayed in figure 2.1[1].
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Figure 2.1: The relationship between the atomic number of the absorber material and the energy
of the interacting radiation is displayed. Also, the energy ranges associated with the main three
X-ray and γ-ray interaction methods is identified. σ = τ and σ = κ lines denote where the
interaction cross sections of two interaction mechanisms are equal. [1]
2.1.1 Photoelectric Absorption
Photoelectric absorption is the dominant method of interaction for energies up to 100 keV
as shown in figure 2.1. In photoelectric absorption the energy of the incoming photon is
transferred to a tightly K-shell bound atomic electron. The inner electron gains enough
energy to be ejected from the atom as a photoelectron of energy Ee whose energy is given
by equation 2.1:
(2.1)Ee = Eγ − Eb
where Eγ is the energy of the incoming radiation and Eb is the binding energy of the
atomic electron. The ejection of the photoelectron leaves a vacancy in the electron shell
resulting with the atom being in an excited state. The vacancy is filled by an electron
from an outer shell, hence, releasing a characteristic photon of an energy equivalent to the
difference between energies of the shells. Another possibility is that the energy generated
8
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from filling the vacancy is transferred to an electron in the outer shell which is ejected
from the atom, known as Auger electron.
There is no single analytical expression available for calculating the cross section of
a photon producing a photoelectron to occur τPE. However, an approximation for the
probability of the interaction occurring is given in equation 2.2:
(2.2)τPE ∝ Z
n
E3.5γ
where Z is the atomic number of the absorber, Eγ is the γ-ray energy and n is an
exponent value ranging from 3 to 4. As seen in the equation 2.2 the probability of the
interaction is largely dependent on the atomic number Z of the absorber, hence, showing
why higher Z materials are attractive for X-ray and γ-ray detection as well as radiation
shielding.
2.1.2 Compton Scattering
Another electromagnetic interaction with matter is called Compton scattering. In this
interaction the incident photon’s energy is transferred to a ’nearly-free’ electron in the
outer shell of the atom. The outer shell electrons have a much smaller binding energy
than the inner shell electrons and given that the energy of the incoming photon is much
larger than the binding energy of the atom it allows them to participate in scattering
events. If the electron is considered to be at rest then the incoming photon transfers a
portion of its energy to the electron which results in the scattering of the photon through
an angle θ and the scattering of the electron through an angle φ as shown in figure 2.2.
Figure 2.2: Compton scattering interaction. [7]
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Using conservation of energy and momentum, assuming that the binding energy of
the electron is negligible, it follows that the energy of the scattered photon (E
′
γ) will be
calculated using equation 2.3:
(2.3)E
′
γ =
Eγ
1 + Eγ(1−cos(θ)
m0c2
where Eγ is the energy of the incident photon, θ is the angle of the scattered photon,
m0 is the rest mass of an electron, c is the speed of light. The energy of the recoil electron
will be the difference between the energy of the incoming photon and the energy of the
scattered photon.
Since this interaction mechanism depends on nearly-free electrons available, the prob-
ability of this interaction is dependent on the atomic number and the density of the
detector material.
2.1.3 Pair Production
The final electromagnetic interaction mechanism to be discussed is called pair production
and is only relevant for high energy γ-rays. In this mechanism, a high energy γ-ray is
converted into an electron-positron pair when colliding with matter. For momentum of the
interaction to be conserved the reaction requires Coulomb field of a nearby massive atom
to be present which absorbs a part of the momentum of the γ-ray, i.e. this interaction
cannot occur in vacuum. If the energy is conserved in the interaction then it follows the
equation:
(2.4)Eγ = T+ +m0c
2 + T− +m0c2
where Eγ is the γ-ray energy, T+ and T− are the kinetic energies of the positron and the
electron, respectively. There is an obvious threshold below which the interaction will not
occur which is 2mc2 and is equal to 1.022 MeV. This interaction is typically followed by
the annihilation of the positron, resulting in detectable characteristic 511 keV photons.
10
CHAPTER 2. DETECTOR PHYSICS
2.2 Semiconductor Physics
2.2.1 Semiconductor Band Structure
The periodic lattice of a crystalline material sets the allowed energy bands for electrons
that exist within the material. In semiconductor materials two of the energy bands are
of great importance. The lower band or valence band corresponds to the electrons of
the outer-shell that are bound the lattice sites in the crystal. The next higher band
or conduction band represents electrons that are free to migrate throughout the crystal.
Electrons in this band contribute to the electrical conductivity of the crystal. At any
non-zero temperature, some thermal energy is shared by the electrons in the crystal. This
results in some of the electrons in the valence band to be thermally excited and elevated
from the valence band into the conduction band resulting in electrical current if voltage is
applied. A lack of thermal energy would result in the valence band being completely full
and the conduction band completely empty, which results in no net electrical conductivity.
A representation of both of the band gaps in insulators and semiconductors can be seen
in figure 2.3.
Figure 2.3: Band structure in insulators and semiconductors. [1]
The band gap of a material is the energy separation between the top of the valence
band and the bottom of the conduction band. The band gap depends on the crystalline
structure and by altering the distance between lattice sites with dopants or Zn concen-
tration in CdZnTe case, one can increase or decrease the band gap. The size of the band
11
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gap determines whether the material is an insulator, a semiconductor or a conductor.
Metals typically have high electrical conductivity due to an overlap of the conduction
and valence band. This allows the electrons to easily migrate throughout the material as
they need low energy to be above the occupied state. In insulators and semiconductors,
the electrons must cross the energy band gap to be promoted into the conduction band
which requires higher amounts of energy, therefore, reducing the conductivity by orders of
magnitude. Insulators typically have a band gap of 5 eV or higher while semiconductor’s
band gap value typically lies between those of insulators and conductors [1].
The probability per unit time of an electron-hole pair being thermally generated is
given by
(2.5)p(T ) = CT
3
2 exp
(
−Eg(T )
2kbT
)
where T is the absolute temperature, Eg(T ) is the band gap energy which is depen-
dent on temperature, kb is the Boltzmann constant, C is a material dependent constant.
The thermal generation of carriers is highly dependent on the band gap of the material.
For semiconductors with low band gaps a large number of carriers is generated at room
temperature which, typically, leads to high leakage currents in detector applications.
A useful advantage of compound semiconductor materials over the elemental ones is
the ability to alter the band gap using different growth methods and compounds. Figure
2.4 shows a variety of different II/VI semiconductors and the effect the lattice constant
has on the room temperature band gap. The two highlighted cases of CdZnTe with Zn
concentrations of x = 0.7 and x = 0.1. CdTe has a room temperature band gap of 1.5
eV. However, if a fraction of Cd atoms was replaced with Zn atoms then the average
inter-atomic distance would decrease, thus, increasing the band gap. By increasing Zn
concentration in this case the band gap was increased from 1.5 eV to 2 eV.
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Figure 2.4: The band gap of II/VI semiconductors as a function of lattice constant [8]
2.2.2 Generation of Charge Carriers
Ionising radiation interacting with a semiconductor results in the ionisation of the semi-
conductor. This process promotes electrons from the valence band to the conduction band
leaving a hole in the valence band. The number of electron-hole pairs produced depends
on a property of the semiconductor material, the electron-hole pair creation energy or the
W -value. The W -value is the average energy required to produce an electron-hole pair
and is mostly independent of the radiation energy and type. The W -value of semicon-
ductors is typically 10 times smaller than gases. Thus, the higher number of generated
electron-hole pairs created leads to a higher generated pulse from the incident radiation,
and greater energy resolution. Figure 2.5 displays the relationship between band gap and
W -values of various materials.
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Figure 2.5: W -Values versus band gap of various materials [8]
If the electron-hole pairs are created in the presence of an electric field then they will
drift in opposite directions towards their respective electrodes. This drift of electrons
and holes induces a current on electrodes. The generated current can be integrated to a
charge pulse and the amplitude of this pulse is directly dependent on the W -value of the
material and the energy deposited.
2.2.3 The Shockley-Ramo Theorem
All of the semiconductor radiation detectors are based on the same principle. Ionizing
radiation interacting with the detector material creates a number of electron-hole pairs.
The electron-hole pairs drift towards their respective electrodes under applied electric
field which induces a current pulse. The current pulse is, then, integrated by external
electronics to form a charge pulse which is proportional to the energy of the incident
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radiation. In the 1930’s W. Shockley [9] and S. Ramo [10] independently developed a
theorem that allowed to calculate the induced charge in detectors with complex electrode
geometries. The theory was originally formulated for vacuum tube geometries but later on
extended to semiconductor detectors which is reviewed by Z.He et al [11]. The Shockley-
Ramo theorem states that the charge Q and current i induced on an electrode by a moving
charge is given by:
(2.6)Q = −qψW (x)
(2.7)i = q~v. ~EW (x)
where v is the instantaneous velocity of charge q. ψW (x) and EW (x) are the so called
’weighting potential’ and ’weighting field’, respectively, that would exist at the charges
instantaneous position, x. The weighting field is defined as:
(2.8)EW (x) =
δψW (x)
δx
The weighting potential physically represents the electrostatic coupling between the
moving charge and the induced charge at an electrode. It should not be confused with the
electronic potential which describes the velocity and the trajectory of the moving charge.
The weighting potential is defined as ”the potential at a position x when the selected
electrode is at unit bias, 1V, and all others are at 0V” [11]. The weighting potential is
dependent on the geometry of the electrodes.
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Figure 2.6: A schematic of simple planar detector with infinite planar electrode (a). The
weighting potential of the anode (b). [11]
Figure 2.6 (a) displays a theoretical detector which consists of intrinsic material (i.e.
contains no space charge) placed in the middle between two infinitely large planar elec-
trodes. In this configuration the weighting field is a linear function of depth from the
cathode to anode as shown in figure 2.6(b). The total change of the induced charge on
the anode is given by the equation 2.9:
Q =− q∆ψ0(x)
=−Ne[ψ0(0)− ψ0(Z)]hole −N(−e)[ψ0(1)− ψ0(Z)]electron (2.9)
=Ne
The first term here corresponds to the contribution of holes and the second one to the
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contribution of electrons. If the mean free path of the charge carriers is long compared to
the detector thickness then the charge induced on the anode will be proportional to the
energy of the incident radiation. However, in the CdTe crystal case the mean free path of
holes is often much smaller than the one for electrons which often results in an incomplete
collection of holes. As a result of this the induced charge at the anode will not be exactly
proportional to the energy of the incident radiation which leads to definition of Charge
Collection Efficiency (CCE) as shown in equation 2.10.
(2.10)CCE =
Q
Q0
where Q0 is the number of charge carriers created in the original interaction and Q is
the total charge collected.
2.2.4 Small Pixel Effect
As discussed in section 2.2.3, the weighting potential describes where and when charge
carriers induce a signal on an electrode when drifting inside the detector material. Figure
2.13 a shows comparison of weighting potential of a pixel detector geometry and planar
geometry. The pixellated geometry enhances the weighting potential to be close to the
anode as the pixel size with respect to the detector thickness is reduced. This is known
as the small pixel effect [12]. The result of the small pixel effect is that only carriers
drifting close to the pixel will induce a significant portion of charge. Since the mobility of
electrons in CdTe detectors is significantly higher than holes, the small pixel effect allows
to develop detectors that only have the desired charge carriers contribute to the signal,
i.e. electrons in CdTe detector’s case.
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Figure 2.7: The weighting potential for pixellated geometry detectors and planar geometry
detectors as a function of the normalized interaction depth (interaction depth / detector
thickness) [13]
The side-effect arising from the small pixel effect is that reducing the pixel size results
in increased number of charge shared events between pixels since the size of the pixel
decreases with respect to the thickness of the detector. The charge cloud from an inter-
action diffuses over the detector volume both perpendicular and parallel to the applied
field. The diffusion of charge cloud perpendicular to the applied field will result in charge
shared events if the diffusion of the generated charge cloud is comparable to the pixel size.
Higher energy X-rays interact deeper in the material which results in higher probability
charge shared events in pixellated detectors as it will take longer for the generated charge
carrier to drift to the electrodes. [12].
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2.2.5 Hecht Theory
The mean drift length of electrons (λe) and holes (λh) is limited by charge trapping
which strongly affects the holes in CdTe. This leads to the charge carrier drift lengths
being shorter than the thickness of the detector which then results in incomplete charge
collection and reduced charge collection efficiency of the detector.
The drift lengths of both types of charge carriers are defined as follows:
λe = veτe
(2.11)λh = vhτh
where ve and vh are the drift velocities of electrons and holes, respectively, τe and τh
are the mean lifetimes of the charge carriers. The velocity of the charge carriers will be
proportional to the applied electric field and the carrier mobilities (µe and µh) if the drift
velocities of the carriers are assumed to be below saturation and will be defined as:
(2.12)v = µE
Combining equations 2.11 and 2.12 the mean drift lengths of the charge carriers can
be expressed in terms of charge carrier mobility and lifetime as shown in equation 2.13:
λe = µeτeE
(2.13)λh = µhτhE
Equation 2.13 shows that the drift length of charge carriers can be limited by either the
mobility or the lifetime of charge carriers. In detector applications, the charge transport
properties in a semiconductor detector are characterised using µτ -value which is a product
of the mobility and lifetime of the charge carrier.
K.Hecht developed an equation that relates the CCE with the charge transport prop-
erties of the detector and the depth of the interaction of the ionising radiation inside the
material [14]. The Hecht equation is defined as:
(2.14)CCE =
µeτeE
d
[
1− exp
(−(d− x)
µeτeE
)]
+
µhτhE
d
[
1− exp
( −x
µhτhE
)]
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The Hecht equation describes the contribution of both electrons and holes to the charge
collection efficiency. It assumes a sandwich detector geometry, constant electric field and
full depletion. However, the Hecht equation can be adjusted in order to characterise the
charge transport properties of either holes or electrons. If the interaction depth is very
small compared to the carrier drift lengths, i.e. x << λe,h, then the Hecht equation can
be reduced to:
(2.15)CCE =
µτE
d
[
1− exp
( −d
µτE
)]
An alpha particle incident on the detector will penetrate a very small distance to the
detector (∼20 µm), thus, by choosing which electrode to irradiate one can characterise
the charge transport properties of electrons or holes using equation 2.15.
2.2.6 Fano Factor
Fano factor describes the variance of the number of electron-hole pairs created when an
ionising particle is completely stopped in matter. Fundamentally, it defines the theoretical
energy resolution limit of a semiconductor detector. The Fano factor is defined as [15]
√
(N −N)2 = FN (2.16)
where N, (N) is the (average) number of produced pairs.
N = E/ (2.17)
where E is the initial energy of the ionizing particle in eV and  is the average energy
expended per pair creation in eV/pair. The resulting spectroscopic standard deviation
with an addition of an electronic noise factor is given as
(2.18)σ2T = (E ∗ F ) + σ2EE
where F - the Fano factor; σT
2 - the standard deviation of the line fit; σEE
2 - electronic
noise factor.
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2.3 Signal Processing
Pulse-type radiation detectors measure a burst of charge that was generated by the inci-
dent radiation. In semiconductor detectors the generated pulse is typically too small to
be processed, thus, requiring an intermediate amplification [1]. For this reason, a pream-
plifier is typically the first component of a signal-processing chain which amplifies the
pulse generated from the incident radiation as shown in figure 2.8. The second compo-
nent in the signal-processing chain is typically a shaping amplifier. It further amplifies
the signal as well as shapes it for example differentiates the preamplifier signal depending
on the type of shaping amplifiers [16]. The features such as rise time, fall time or ampli-
tude of the shaped signal are then outputted to either a multichannel analyser (MCA)
or a counter. The MCA analyses the stream of voltage pulses that are output from the
shaping amplifier and sorts them into a histogram or ”spectrum” of number of events
versus pulse height [17] that can be analysed later. Prior to a counter, a discriminator
or a comparator typically processes the signal from the shaping amplifier and acts as an
adjustable threshold for the counters. If the signal from the shaping amplifier is above
the set threshold, then the counter is incremented [18].
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Figure 2.8: A typical signal-processing chain for a spectroscopic semiconductor detector.
Adopted from [19]
2.4 Hard X-ray Applications
2.4.1 XAFS
X-ray Absorption Fine Structure (XAFS) is a powerful and versatile technique used for
studying structures of materials and can be applied in a wide range of fields such as
biology, chemistry, environmental science, material science and others [20]. This technique
can be applied to crystalline, solid, liquid, amorphous compound and gaseous materials.
XAFS measures the X-ray absorption coefficient µ(E) by measuring the intensity of the
transmitted X-rays through the sample. µ(E) is described as the probability of X-rays
being absorbed according to Beer’s Law as shown in equation 2.19.
I = I0exp
−µt (2.19)
where I0 is the X-ray intensity incident on a sample, t is the sample thickness, I is
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the intensity transmitted through the sample. As the energy of the X-ray increases, the
penetration increases as well, hence, µ(E) decreases as the energy of the X-rays increase
at a rate of 1/E3. Furthermore, µ is dependent on the sample density ρ, the atomic
number Z, atomic mass A and the X-ray energy E as described by equation 2.20.
µ =
ρZ4
AE3
(2.20)
The strong dependence of µ with respect to Z and E is a fundamental property of
X-rays and the key why X-ray absorption is useful for imaging techniques. Also, the
dependence on Z4 results in absorption coefficients spanning several orders of magnitude
for materials such as Pb, Cd, Fe and O as shown in figure 2.9. Five orders of magni-
tude difference is observed in the absorption cross-section of these materials as well as
characteristic absorption edge peaks. This allows to discriminate materials using multiple
features.
Figure 2.9: Absorption cross-section of Pb, Cd, Fe and O in the energy range of 1 keV to 100
keV. Adopted from [21]
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The absorption edges displayed in figure 2.9 arise from X-ray photon energy being
equal to the binding energy of a core-level electron, thus causing photo-electric effect to
occur as discussed in section 2.1. An XAFS measures the energy dependence of µ at and
above the binding energy of a known core level of a known atomic species. Every atom
above Z = 4 has core-level electrons lying in the K and L shells with well-defined binding
energies, thus, the X-ray energy is tuned to an appropriate absorption edge depending on
the element. The edge energies vary with atomic number approximately as Z2, however,
both K and L levels can be used in the hard X-ray regime. This allows most elements to
be probed by XAFS with X-ray energies between 5 keV and 35 keV. XAFS technique is
element specific since an element of interest is chosen. [21]
A XAFS spectrum for FeO is displayed in figure 2.10. The two main regions, namely
X-ray absorption near-edge spectra (XANES) and extended X-ray absorption fine struc-
ture(EXAFS). XANES region is typically within 30 eV of the main absorption edge and
describes the energy of the absorption edge of interest. The oscillations in the EXAFS
region correspond to different near-neighbour coordination shells which are useful for
determining the structure of the sample of the aforementioned states of matter.
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Figure 2.10: XAFS µ(E) spectrum for FeO. The XANES and EXAFS regions are identified.
Adopted from [21]
In addition to transmission measurement, fluorescence XAFS measurements are per-
formed. For transmission measurements the sample must be uniform and free of pinholes.
For a powder, the grain size cannot be larger than the absorption length. However, for
thick or low concentration (i.e. at the ppm level) samples, fluorescent measurements are
preferred. In a fluorescence measurement, the X-rays emitted from the sample will include
the fluorescence lines of interest, fluorescence lines from other elements in the sample, as
well as, elastically and inelastically scattered X-rays [21].
The two main factors in performing a successful fluorescence XAFS measurement are
solid angle and energy resolution. The fluorescence is emitted isotropically, while the
scatter is not emitted isotropically due to X-rays from synchrotron being polarized in
the plane of the synchrotron. This polarization means that the elastic scatter is greatly
suppressed at 90 ◦ to the incident beam, in the horizontal plane. For this reason the
detectors are normally placed at a right angle to the incident beam. The high energy
resolution is required in order to discriminate the signal from scatter, fluorescence lines
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of the sample and fluorescence lines of other elements in the sample.
2.4.2 K-edge Subtraction
As discussed in section 2.4.1 the photoelectric effect causes an increase of absorption of
photons when the energy of the incoming photon matches that of the binding energy of
an electron in the K- or L-shells of the atom. The difference in intensities of absorbed
X-rays around an absorption edge can be used in medical imaging applications in order to
eliminate background tissue from the structures of interest using a spectroscopic detector.
This technique is known as K-edge subtraction or KES and is commonly used for K-edge
subtraction of Iodine which has a K-edge at 33.2 keV [22]. KES requires two energy
windows to be taken, one below and one above the K-edge as shown in figure 2.11. The
energy windows must not overlap with the K-edge.
Figure 2.11: An example of a spectrum from a W-target X-ray tube using a CdTe detector
system. The selected energy windows for the KES are displayed. Adopted from [22]
The KES allows an extraction of the absorption coefficient for each energy windows
by using equation 2.19 as shown in equations 2.21
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I
I0
= e−µx
log
(
I
I0
)
= −µx (2.21)
log
(
I
I0
)
x
= −µ
where I is the total intensity of X-rays deposited, I0 is the total intensity of X-rays
emitted, µ is the absorption coefficient and x is the thickness of the absorber material. In
order for the I and I0 to be obtained experimentally, two images are taken. First one is of
the X-rays absorbed by the object with the Iodine. Summing the total charge deposited
in the energy windows results in I. The second one is of the background from the X-ray
source, i.e. without the Iodine-containing object. Summing all the charge deposited in
the energy windows results in I0. The subtraction of these two windows will result in
counts of the spectrum that correspond to the X-rays absorbed by the K-edge of Iodine,
thus, isolating Iodine from the rest of the spectrum.
2.4.3 Powder Diffraction
Bragg Diffraction occurs when light is scattered from a three-dimensional periodic struc-
ture such as atoms in a crystal. This produces constructive interference at specific angles.
The electrons in an atom coherently scatter light. Each atom is considered as a coherent
point scatterer. The strength with which an atom scatters light is proportional to the
number of electrons around an atom. Atoms in crystals are arranged in a periodic array
which diffracts light. The wavelength of the incoming X-rays is similar to the distance
between the atoms. The scattering of X-rays from atoms produces a diffraction pattern,
which contains information about the atomic arrangement within the crystal. The result-
ing diffraction pattern is a product of the unique crystal structure of the material. The
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position of the diffraction peaks is determined by the distance between parallel planes of
atoms.
Take
−→
ki to be the wavevector of the incoming beam and
−→
ko to be the wavevector of
the diffracted beam. Then
−→
ki −−→ki = ∆−→k (2.22)
where ∆
−→
k is the scattering vector which measures the change between the two
wavevectors. Now take −→a1 , −→a2 , −→a3 to be the primitive vectors of the crystal lattice.
In order for constructive interference in between the diffracted X-rays to occur, the three
Laue conditions for the scattering vector for integer values of a reflection’s reciprocal
lattice indices (h, k, l) shown in equations 2.23, 2.24 and 2.25 must be met.
−→a ·∆−→k = 2pih (2.23)
−→
b ·∆−→k = 2pik (2.24)
−→c ·∆−→k = 2pil (2.25)
These Laue conditions dictate that the scattering vector must be orientated in a spe-
cific direction in relation to the primitive vectors of the crystal lattice. In crystallography,
the Laue equations give three conditions for the incident waves to be diffracted by a crys-
tal lattice and can be reduced to Bragg law. Bragg’s law (equation 2.26) calculates the
angle where constructive interference from X-rays scattered by parallel planes of atoms
will produce a diffraction peaks.
λ = 2dhklsinθ (2.26)
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where λ is the wavelength of the X-ray, dhkl is the vector drawn from the origin of the
unit cell to intersect the crystallographic plane (hkl) at a 90 ◦ angle and θ is the incoming
angle of the X-rays.
Figure 2.12: Bragg’s law conditions for diffraction to occur. Adopted from [23]
For parallel planes of atoms with a dkhl spacing in between the planes, constructive
interference occurs only when Bragg’s law is satisfied as shown in figure 2.12. The atoms
in figure 2.12 are positioned in the point of the lattice where the incoming X-ray wave is
reflected. Also, the plane normal [hkl] must be parallel to the diffraction vector s. The
plane normal [hkl] is the direction perpendicular to the plane of atoms. Diffraction vector
s is the vector that bisects the angle between the incident and diffracted X-ray beam.
For constructive interference to occur the wavelength of the incoming X-rays must be a
multiple of each other.
The intensity of diffraction peaks is determined by the arrangement of atoms in the
entire crystal. The amplitude of scattered light is dependent on where the atoms are on
the atomic planes, as well as, what atoms are on the atomic planes. [23]
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A powder sample, unlike a single crystal, consists of many small crystallites with
each of them having slightly different orientation. The different orientation between each
crystallite will cause multiple Bragg’s law conditions to be satisfied producing diffraction
in different angles as shown in figure 2.13
Figure 2.13: Multiple Bragg’s law conditions satisfied for powder diffraction. Adopted from
[24]
The resulting diffraction from the powder sample imaged using a planar detector would
result in Debye-Scherrer rings [24]. Measuring the distance between the Debye-Scherrer
rings and knowing the distance from the detector to the sample allows to obtain the
angle of diffracted X-rays. Knowing the angle of X-ray diffraction and the wavelength of
the X-rays allows to work out the distance between the planes of atoms and, hence, the
structure of the sample studied.
2.5 Comparison of High Z Materials
Silicon and Germanium detectors are currently most widely used of all semiconductor
elements. This arises from the fact that they can be relatively easy manufactured and
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have high energy resolutions. Table 2.1 shows various properties of Ge, CdTe, Cd0.9Zn0.1Te
and Si.
Material Ge CdTe Cd0.9Zn0.1Te Si
Atomic Number 32 50 49.1 14
Band Gap (eV) 0.67 1.5 1.572 1.12
Resistivity ρ (Ωcm) 50 109 3x1010 107
Densitiy ρ (g/cm3) 5.33 5.85 5.78 2.33
Pair Creation Energy Epair (eV) 2.95 4.43 4.64 3.62
Electron Mobility µe (cm
2/Vs) 3900 1100 1000 1400
Electron Lifetime τe (s) >10
−3 3x10−6 3x10−6 >10−3
Hole Mobility µh (cm
2/Vs) 1900 100 50 - 80 480
Hole Lieftime τh (s) 10
−3 2x10−6 10−6 10−7
Table 2.1: A comparison of characteristics of various semiconductor materials [25].
Although Si and Ge detectors are popular they have their limitations. Silicon detectors
are only efficient for applications of X-ray energies below 25 keV due low density and
atomic number as shown in figure 2.14. Thicker Si crystals can be used in order to
increase the absorption efficiency of higher energy X-rays. However, the use of very thick
crystals is not practical as the charge drift length increases which allows more of the
generated charge to recombined or trapped. Both Ge and Si detectors have low band
gaps which leads to generation of high dark currents. This leads to a requirement that Ge
detectors are to be operated in cryogenic temperatures. The cooling systems are typically
large and can limit areas of application for Ge detectors.
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Figure 2.14: Detection efficiency of Si, Ge / GaAs and CdTe detectors [26]
Compound semiconductor materials such as CdTe and CdZnTe have large band gaps
and high Z numbers. Also, the crystals of these materials are grown with high resistivity,
thus, reducing the generation of dark currents. However, the electron mobility is three
times smaller to that of Ge, but comparable to electron mobility of Si. All of these
properties make CdTe and CdZnTe detector very attractive for near room-temperature
operations.
2.6 Germanium detectors
High purity Germanium (HPGe) crystals are commonly used in applications where a
superb energy resolution is required. As a semiconductor, Ge was studied for radiation
detector applications back since the 1940s [27]. Since the mid-1970s ultrapure Ge crystals
with impurities as low as 1010 atoms/cm3 have been grown. Such high purity results in
the material always being n-type or p-type as the intrinsic impurities never balance out
during growth. Ge detectors are commonly used in a wide range of applications such as
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nuclear physics, synchrotron applications due to high resistivity, superb energy resolution,
high charge carrier mobility.
Large single crystals of HPGe are grown using the Czochralski technique that is dis-
played in figure 2.15. A seed crystal is dipped into the molten germanium in the middle
of the furnace and is slowly withdrawn. During this time, the temperature of the melt
is maintained just above the freezing point. The temperature and the rate of crystal
withdrawal from the melt are adjusted in order to control the growth of the crystal [28].
Figure 2.15: Czochralski growth method. Adopted from [28]
The small 0.7 eV band gap of Ge prevents it being used in room-temperature appli-
cations as it would result in large thermally-induced leakage currents. This results in
the Ge-based detectors needing to be cooled to 77 K typically using liquid nitrogen cryo-
stat [1]. The typical µτ values for electrons and holes are 11.7 cm2/V and 5.7 cm2/V,
respectively.
The energy resolution of HPGe reaches 0.8 keV at 122 keV and 1.75 keV at 1.33
meV [29]. The superb energy resolution over such a wide range of energies makes HPGe
detectors so attractive to low and high energy X-ray applications.
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2.7 Growth Methods of CdTe
There are a number of growth methods used to grow semiconductor materials with their
associated advantages and disadvantages. This section will discuss the growth methods
of CdTe.
2.7.1 High Pressure Bridgman Method
The high pressure Bridgman method (HPB) involves the movement of a crucible contain-
ing the melt through a furnace of a suitable temperature profile which can be orientated
vertically or horizontally. The crucible can either be transported through the stable heater
or vice versa, or alternatively, both crucible and the heater can stay stationary while the
temperature profile is altered by a programmed temperature controller. A configuration
of a vertical HPB is shown in figure 2.16.
An over-pressure of 10 - 150 atm of an inert gas, typically argon, is maintained over
the melt in order to suppress the loss of volatile components. Even though the elevated
pressure helps to reduce the loss of these components, the losses are not eliminated.
Continuous losses of cadmium, causes the melt to become enriched in tellurium during
the growth.
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Figure 2.16: A schematic of the High-Pressure Bridgman growth technique [30]
It usually takes about 3 to 4 weeks for the growth cycle of a 10 cm crystal in diameter
to be completed. At this point, the CdTe crystal typically contains macro defects such
as pipes, wires, cracks, grain and twin boundaries as well as tellurium inclusions and
precipitates. The tellurium inclusions and precipitates are inherent to the HPB process
and arise from the retrograde solubility in the phase diagram. Also, the Te precipitates
found along the grain boundaries increase the leakage current for the material as the
electrical resistivity of Te precipitates is several orders of magnitude lower. This arises
from the Te precipitates band gap (0.33 eV) being smaller than the surrounding CdTe (1.5
eV) [31]. Hence, post-production processes to increase the quality of the crystal must be
used in order to manufacture a detector grade crystal. These methods will be discussed
in section 2.9.
2.7.2 Physical Vapour Transport Method
Physical vapour transport (PVT), in theory, has many advantages over the melt growth
techniques such as lower growth temperature and minimal contact area with the contain-
ment vessel which leads to reduction in impurity levels and stress-related imperfections.
35
CHAPTER 2. DETECTOR PHYSICS
Also, greater uniformity and better control of stoichiometry can be achieved using this
method.
An example of a schematic diagram of the PVT technique is shown in figure 2.17. This
method is usually characterised by relatively slow growth rates and smaller boules in the
case of CdTe. As most of the growth techniques, PVT has a number of variations as well.
The PVT growth technique uses a polycrystalline source and a sink which is the seed
crystal. Both are placed inside a silica ampoule and located in a tubular furnace as shown
in figure 2.17. The heating of CdTe polycrystalline source crystal causes sublimation
which turns the crystal into Cd and Te separate gas. Afterwards, the temperature gradient
provides the driving force for the mass transport of the gas from source crystal to the
seed where the gas deposits thereby growing the seed crystal.
Figure 2.17: A schematic of the Physical Vapour Transport growth method[32].
The most important growth parameter in PVT is the under-cooling, which is the
temperature difference between the source material and the growing crystal. Large values
of under-cooling temperature (above 10 ◦C) do stimulate higher growth rate. However,
improved compositional homogeneity is found to be associated with the lower under-
cooling temperatures ( 1 - 2 ◦C). The growth temperatures for PVT of CdTe are usually
in the range of 900 - 1050 ◦C. It usually takes between 50 and 100 hours for a 50 x 103
mm3 crystal in volume to be grown using this method. The resistivity values of the grown
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crystal usually range from 107 to 8 x 1010 Ω*cm [33]. Tellurium precipitates are present
in PVT grown samples which is also common in the melt grown material.
The issues and defects that arise in HPB and PVT methods are polycrystallinity,
poor electrical properties, inhomogeneity, structural defects and low yield of detector
grade crystals resulting in high costs of crystal fabrication. Neither of these methods
overcomes all of the aforementioned issues. [34]
2.7.3 Travelling Heater Method
The Travelling Heater Method (THM) tackles all of the previously mentioned problems
with HPB and PVT. Its advantages are uniform crystal composition and less thermal
stress. THM is a slow growth technique with growth rate of 5 - 30 mm/day for crystals of
up to 75 mm in diameter and 220 mm in length. Despite slow growth rates, THM provides
great control over the temperature profile, which allows high quality mono-crystalline
material to be grown [35]. The different regions of the crucible during the growth process
are shown in figure 2.18. The growth process of CdTe crystal using THM is as follows.
Firstly, a CdTe single crystal seed, a Te-rich Cd-Te alloy and a CdTe poly-crystal rod are
charged into a quartz ampoule as shown in figure 2.18. The quartz ampoule is sealed with
inert gas. The molten zone where Te-rich alloy melts is formed by heating the furnace.
The downwards rotation of the ampoule causes an increase of temperature at the top of
the molten zone which causes the CdTe poly-crystal to dissolve into the molten zone. At
the same time, a decrease of temperature at the bottom of the molten zone causes CdTe
to crystallise from the molten zone into the seed. Eventually, the whole volume of CdTe
poly-crystal rod is dissolved and re-crystallised into CdTe seed crystal orientation as the
heater travels through the whole length of the ampoule. [36]
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Figure 2.18: The schematic of the Travelling Heat Method growth method [37].
The disadvantage of the THM in comparison to the other melt growth techniques is the
trapping of Te-rich solution at the growth surface. This arises due to growth instabilities
and, hence, post-production annealing is required in order to produce detector grade
material.
2.7.4 Defects
All of the aforementioned growth methods of CdTe crystals introduce crystalline defects
which have a strong effect on the detector properties. The intrinsic defects from the
growth can be grouped into three different types: vacancies, antisites and interstitials.
Vacancies correspond to missing atoms in the lattice. Antisites are atoms located on
incorrect lattice site. Interstitials correspond to atoms found in-between lattice sites. All
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of these intrinsic defects are shown in figure 2.19.
Figure 2.19: A representation of intrinsic point defects in CdTe [19]
The effect that defects have on the material depends on the position of the energy
levels they introduce into the band gap. The levels are classified as deep or shallow. Deep
levels reside close to the middle of the band gap. Shallow defects are located nearby
conduction or valence band. In the case of shallow levels at room temperature, there is
sufficient thermal energy to completely ionise the impurities which results in an increase
of either the electron or hole concentration depending on the nature of the impurity. If
the concentration of shallow impurities is significant in the material it can result in a
material with high conductivity which will make the material no longer usable for using
it as a detector. In the case of deep levels they cannot be assumed to be ionised at room
temperature, thus, can act as centres for charge trapping and recombination. If the charge
is trapped at a deep level, then there may not be enough energy to release the charge
carrier which means that the charge carrier is lost. For this reason, the deep levels with
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large enough concentrations limit charge carriers lifetimes.
2.8 Impurities and Compensation
2.8.1 Dopants
Pentavalent impurities that are voluntarily inserted into the tetravalent semiconductor
material and reside nearby the conduction band are referred to as donor impurities. Since
these impurities are comprised of pentavalent dopants they leave an extra electron in
the lattice as a result. The additional electrons that emerge from the donor impurities
usually need only a little amount of energy to be dislodged from the weak covalent bond
that is formed with the lattice, thus, allowing the formation of a conduction electron
without a corresponding hole. The insertion of donor or acceptor impurities is crucial for
semiconductor materials as it increases the rate of recombination which, in turn, shifts
the equilibrium between the holes and electrons and results in a much higher electrical
conductivity compared with pure material. In addition, the insertion of donor impurities
changes the material from being pure into n-type. N-type materials have electrons as
majority charge carriers and holes as minority charge carriers [1]. This is important when
deciding the polarity of the bias voltage that is applied throughout the detector.
Intentionally inserted trivalent impurities into the lattice leaves a missing covalent
bond in the acceptor site and are referred to as acceptor impurities. The acceptor levels
lie near the valence band. They are necessary to make a p-type semiconductor material as
it leads to holes being the majority charge carriers and electrons being the minority charge
carriers. For CdTe the native defects can be both donors and acceptors depending on the
environment the material was grown in. Studies have shown that if the material was grown
under Te rich conditions, it is highly compensated p-type with a Cadmium vacancy (VCd)
as the dominant acceptor and Tellurium interstitial (TeCd) as the compensating donor [38].
For materials grown under Cd rich conditions, Cdi dominates resulting in the material
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being n-type [39]
2.8.2 Compensation Mechanism
For grown semiconductor materials such as CdTe it is necessary to introduce dopants and
impurities to balance out the intrinsic impurities from the growth in order to achieve high
resistivity. This is known as compensation and for it to be effective a mechanism specific
to the material has to be applied in order to find the right balance between the donors
and the acceptors. Shallow or deep level donors and acceptors can be used. Fiederle et al
reported that for the case of CZT, the use of shallow donors and acceptors is impractical,
as the doping concentration during the growth of the crystal has to be controlled with the
accuracy of few ppb (parts per billion). This emerges from the requirement of the amount
of shallow donors and shallow acceptors being equal. This is not possible to achieve for
CZT as the segregation of the shallow donors lead to a variation of the concentration
over several orders of magnitude. Whereas, the control of deep level donor and acceptor
concentration is less sensitive than the shallow level, due to the resistivity being a function
of the concentration of the deep donor, the shallow acceptor and the shallow donor [40].
However, one of the problems associated with the deep levels is that they can act as
a trapping centre, thus, reducing the mobility-lifetime products of the charge carriers[41].
The trapping centre can arise from cadmium vacancy, tellurium antisite or a combination
of both. Doping THM-grown CdTe with Chlorine showed that mobility-lifetime product
for electrons and holes of 8 x 10−4 cm2/Vs and 7 x 10−5 cm2/Vs, respectively, were
achieved [42].
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2.9 Post-production quality improvement
2.9.1 Annealing
One way of improving the quality of the grown crystal, regardless which growth method
was used, is to conduct post-production annealing. It was reported that by heating the
crystal to high temperatures (700 K - 1100 K in vacuum), the electrical properties and
the homogeneity of the crystal are improved [43]. The aforementioned properties improve
as annealing partially eliminates the Te-inclusions/precipitates which originate from the
condensation of intrinsic point defects in CZT crystals such as Cd vacancies and Te anti-
sites [44] [45]. During the thermal treatment, the diffusion of Cd (and Zn) atoms between
the CdTe wafer and the equilibrium partial pressure ambience occurs, hence, causing the
crystal to become more stoichiometric. It has been reported that annealing increased the
resistance of the CdTe crystal by an order of magnitude as well as reduction in surface
defects and precipitates sites density [46] [47] . Thus, annealing greatly improves the
quality of the grown crystal and must be performed in order to produce detector grade
CdTe crystals.
2.9.2 Passivation
Leakage current is highly dependent on Te-inclusions/precipitates that infuse to the crys-
tal through cracks [48]. To lower the leakage current associated with cracks and to improve
the quality of the crystal’s surface in general a passivation treatment is used [49]. CdTe
wafers are typically cut out of the ingots using slicing tools and mechanically polished,
which often introduces various damages, such as mechanical stress, crystal defects and
impurities. Afterwards, an etching treatment is performed in order to remove the dam-
aged layer, thus, obtaining a defect free surface before electron deposition. The surface
treatment process is conducted by oxidising the surface by boiling it in hydrogen peroxide
or using atomic bombardment [50]. The oxidation layer acts as an insulating layer on the
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crystal which increases the surface resistance and, in turn, reduces the leakage current.
This is a delicate process and one has to be careful not to over boil the surface with the
acidic hydrogen peroxide as it can damage the surface of the crystal. This would lead to an
increase of the surface leakage current. Studies have shown that surface passivation using
5% Bromine in methanol for 2 minutes have reduced the surface leakage current by one
to two orders of magnitude [51]. Consequently, passivation is a critical post-production
process that improves the surface quality of the CZT crystal and reduces leakage current.
2.10 Polarisation
CdTe detectors, especially with Schottky contacts, suffer from “polarization“ effect that
strongly affect the imaging performance of the detector and in some cases cannot be
suitably corrected by applying flat-field corrections [52]. While Ohmic contacts nearly
eliminate the polarization of the detector, Schottky contacts are preferred as lower noise
levels and smaller leakage currents can be achieved. Schottky-barrier is formed from a
metal-semiconductor heterojunction and introduces a barrier which requires an additional
amount of energy for the electrons in the valence band to be promoted to conduction band.
The barrier height depends on the work function of the metal used. A typical IV curve
of a Schottky contact is shown in figure 2.20.
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Figure 2.20: An IV curve of a Schottky contact.
Polarization causes a change of detector’s performance after biasing the sensor and
leads to a reduction in count rate over time and loss of charge collection efficiency. Po-
larization arises from trapping and de-trapping of ionized deep level acceptors inside the
crystal which affect the space-charge and electric field distribution [53]. The rate of po-
larization is influenced by operational conditions such as temperature, radiation flux and
duration of illumination [54]. Application of high bias voltages and operation at low tem-
peratures can help stabilizing the detector’s performance [53]. The most common method
of depolarizing a detector is to reset the applied bias voltage which completely recovers
the detector’s performance [55].
2.11 Contrast-To-Noise Ratio
The ability to detect imaged objects is determined by the contrast between the object
and the background and is described by the contrast-to-noise(CNR) ratio. The contrast
is determined by the X-ray attenuation in the object and the quantum efficiency of the
detector and can be improved using image processing. The CNR is defined using equation
2.27 [56]
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CNR =
√
(Sobject − Sbackground)2
σ2noise
(2.27)
where Sobject is the signal in the object, Sbackground is the signal in the background, and
σnoise is the average noise in the background. This equation assumes that the noise in the
background and in the object is the same.
2.12 Sensitivity and Specificity
Sensitivity and specificity are commonly used as fundamental characteristics of diagnostic
imaging tests. Four outcomes are possible from a diagnostic test. Taking medical appli-
cations as an example, true positive (TP) outcome would mean that the test is positive
and the patient has the condition or disease. False positive (FP) results in a positive test
outcome, but the patient not having the disease or condition. True negative (TN) results
in the negative test outcome and patient not having a disease or condition. False negative
(FN) outcome means that the test is negative but the patient has the disease or condition
[57].
Sensitivity is the proportion of true positives that are correctly identified in the mea-
surement. Sensitivity can be quantified as shown in equation 2.28[57]. Specificity is the
proportion of true negatives that are correctly identified in the measurement and can be
quantified using equation 2.29[57].
sensitivity = TP/(TP + FN) (2.28)
sensitivity = TN/(TN + FP ) (2.29)
The statistical relationship between sensitivity and specificity is determined using the
receiver operating characteristic (ROC) curve[58] and is shown in figure 2.21. These
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curves represent the inherent trade-off between sensitivity and specificity. The area under
curve (AUC) is used for determining the accuracy of the test. In an ideal case, the AUC
would be one and is shown in red. At the other end, the grey line denotes that the test
is useless as the 0.5 AUC means that the test has a 50/50 chance of being accurate. The
apex of the curve denotes the optimal trade-off between sensitivity and specificity of the
system.
Figure 2.21: The receiver operating characteristic curves of various accuracies. [58]
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Germanium Detector
Characterisation
This chapter presents characterisation work performed on a pixellated germanium demon-
strator detector model. The fully developed system would be used in several experiments
at synchrotron facilities that require fast spectroscopy grade detection for X-ray fluores-
cence measurements such as fluorescence measurement in conjunction with X-ray absorp-
tion fine structure (XAFS) experiment as described in section 2.4.1.
The absorption coefficient is obtained by measuring the variation of the intensity of the
fluorescence emitted by the element when studying dilute samples. Under this experimen-
tal condition, the majority of the radiation coming from the sample is elastically scattered
radiation and holds no useful information. The angular dependence of the elastically scat-
tered radiation alongside the polarization properties of synchrotron radiation show that
the line of view which minimises the scattering is normal to the incident radiation beam
and lies in the plane of the orbit of the electrons [59].
These facts set the requirements for fluorescence detectors for XAFS experiments.
Firstly, the detectors must have energy resolution of 250 eV FWHM at 6 keV or higher in
order to discriminate fluorescence radiation from elastically scattered radiation [59]. Sec-
ondly, they must have a high throughput in order to collect as many photons as possible.
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One way of increasing the throughput is to use multi-element detector systems. However,
the further the detectors are from the ideal line of view the more elastic scattering radi-
ation is detected. As an example, the intensity of elastically scattered radiation of 100
degree scattering angle is 4 times the intensity when compared to 96 degree scattering
angle [59]. Thirdly, artefacts generated by the detector material itself such as escape peak
of the elastically scattered radiation must be taken into account since they can overlap
with the fluorescent peak under study and distort the results. For this reason, germanium
detectors instead of Silicon detectors are used since the Kα escape peak of Ge is 9.9 keV
below the main peak, while the Kα escape peak of Si is only 1.7 keV below the main
peak and, hence, harder to separate [60]. Furthermore, germanium detectors are more
suitable than Si detectors for XAFS at synchrotrons due to a much higher percentage of
X-rays passing through the Si, which can cause additional fluorescence excitation from
the electronics components behind the sensor.
The current state-of-the-art multi element monolithic HPGe detector with junction
field effect transistors (JFETs) [61] as front-end electronic components at the I20 beam
line at Diamond light source has a pad size of 5 mm x 5 mm and is arranged in a 8 x 8 pad
matrix. The typical distance from the sample to the detector at the beam line is 250 mm
with the centre of the detector positioned at the 90 ◦ to line of flight. The edges of the
detector are lying approximately at 96 ◦ and addition of more elements would result in
more elastically scattered radiation being detected [62]. The detector is moved a limited
distance back from the sample in order to increase the throughput. However, another way
of increasing the throughput of fluorescence without increasing the scattering angle is to
shrink the pad sizes which is the main motivation behind developing the demonstrator
Ge detector model presented in this work. The characterisation work included identifying
the behaviour of custom built CUBE preamplifiers, study of spectroscopic performance,
stability of the detector, as well as, charge sharing effects.
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3.1 Materials and Methods
3.1.1 Germanium Detector
A monolithic germanium detector with planar geometry was fabricated by Semikon GmbH,
Germany [63]. The front face of the crystal was boron implanted in order to realise a con-
tinuous p+ contact. The rear face of the crystal was phosphor implanted to realise a
structured n+ contact. The n+ contact had a pad structure and each of the pads was
isolated from each other by plasma-etched grooves that are approximately 40 µm wide
and 15 µm deep. The crystal was 4 mm thick and had a 10 x 10 pad matrix on the rear
side with each pad having 1 mm x 1 mm area. The active area of the whole crystal was
1 cm2. The crystal is shown in figure 3.1.
Figure 3.1: The germanium detector manufactured at Semikon GmbH. The matrix of 10 x 10
pads is visible.
The front-end electronics for this detector were integrated CUBE charge sensitive reset
preamplifiers which were developed by XGLab in Milan, Italy [64]. The advantage of these
preamplifiers is that they were placed within the cryostat which reduced the distance for
the connections between the crystal and the preamplifiers, thus, reducing the electronic
noise. For preliminary characterisation work only the central 16 pads were connected to
the preamplifiers, thus, reducing the complexity and cost of the system. The remaining
pads were connected to guard rings and in turn to ground. The 16 preamplifiers for the
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central pads were mounted on a carrier printed circuit board (CPCB). The CPCB was
hosted by the crystal holder and installed just above the detector as shown in figure 3.2.
The preamplifiers were wire-bonded to the pads through a wire going through a hole
in the printed circuit board. Appropriate connectors and wiring link the CPCB to the
feed-throughs.
Figure 3.2: The carrier board installed above the germanium crystal before the 16 central pixels
are wire-bonded to the preamplifiers. The wire bonding connecting the peripheral pads to ground
is visible.
The wiring provided the power supply for the components in the cryostat and logic
signals to reset the preamplifiers which were generated by external electronics. In addition,
it carried the preamplifier output outside the cryostat. A separate SHV feed-through
provided the bias voltage for the crystal that was applied to the p+ contact through a
first order low pass filter built with a 1 MΩ resistor and a 100 nF capacitor. A schematic
of a CUBE preamplifier is displayed in figure 3.3
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Figure 3.3: Schematic of a CUBE preamplifier.
There were two different models of charge sensitive reset preamplifiers installed on the
detector. The PRE 016 model has the possibility of tuning the applied voltage through
its associated electronics while the PRE 015 model did not have this feature. Also, these
two models had two different reset waveforms which have slight differences in periods and
voltages which are going to be displayed in section 3.3.2.
The reset preamplifiers have three operational modes: independent reset, common
reset and external trigger reset. In the case of independent reset, each preamplifier resets
itself after a threshold for the accumulated charge was reached. Each of the preamplifiers
has its own individual threshold. In the common reset mode all of the active preamplifiers
were reset after the threshold for the total charge was reached in any of the preamplifiers.
For characterisation work, an analogue and digital readout circuits were used. For
the analogue readout, the preamplifiers were connected either to an ORTEC 671 or a
CANBERRA 2016 A shaping amplifier followed by an ORTEC Aspec-927 multichannel
analyzer. The voltage was supplied using an ORTEC 660 detector bias supply. For digital
readout circuit, the preamplifiers were connected to digital pulse processor manufactured
by XIA LLC. The pulse processor used was a DXP-XMAP [65] card which enabled data
acquisition of four pads simultaneously.
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3.1.2 Radioactive Sources
An 55Fe radioactive source and its characteristic X-ray peaks of 5.94 keV and 6.49 keV were
used for spectroscopic characterisation. 241Am (characteristic γ-ray peak at 59.5 keV) and
57Co (characteristic γ-ray peaks of 14 keV, 122 keV, 136 keV) radioactive sources were
used for determining the linearity of the detector’s response to energy and extracting
the Fano factor. Furthermore, a Molybdenum target laboratory X-ray tube with 50 kVp
maximum operational voltage and 50 mA maximum operational current was used in order
to evaluate the responses of different preamplifier modes.
3.1.3 55Fe Fitting routine
Since the 55Fe characteristic K-α and K-β peaks are very closely spaced, an advanced
fitting routine had to be implemented for data analysis. The fitting function for data
analysis was adopted from [66]. If there were no charge losses due to effects such as
charge sharing and/or trapping then the ideal characteristic peak would be a Gaussian.
However, the exponential tails and the background arise due to events where charge collec-
tion was incomplete. Fitting two overlapping peaks resulted in development of a fitting
function that included two Gaussian components as shown in equation 3.1, two expo-
nential (equation 3.2) and two background components (equation 3.3). The mechanisms
behind the charge losses are assumed to be the same due to characteristic peaks being so
close to each other (5.89 keV and 6.49 keV). Henceforth, the amplitudes of the exponen-
tial and the background components cannot be independent. They will have the same
proportionality constant with respect to the Gaussian peak. This arises from the fact that
they are proportional to the fraction of events resulting in incomplete charge collection.
The developed fitting routine fitted both peaks simultaneously.
Gaussian Components:
G1/2 = (A,B) ∗ exp
(
−
(
(Xa,b − x)
2 ∗ σa,b
)2)
(3.1)
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Exponential Components:
E1/2 = bs,l ∗ (A,B) ∗ exp
(
(x−Xa,b)
P1s,b
)
∗
[
1− erf
(
(x−Xa,b)
P2s,l ∗ σa,b ∗
√
2
+
P2s,l ∗ σa,b
P1s,l ∗
√
2
)]
(3.2)
Background Components:
B1/2 =
(c ∗ (A,B))
1 + exp
(
(x−Xa,b)
0.75∗σa,b
) (3.3)
The combination of all of the components results in a fitting routine described in
equation 3.4
y =A ∗ exp
(
−
(
(Xa − x)
2 ∗ σa
)2)
+B ∗ exp
(
−
(
(Xb − x)
2 ∗ σb)
)2)
+
bs ∗ A ∗ exp
(
(x−Xa)
P1s
)
∗
[
1− erf
(
(x−Xa)
P2s ∗ σa ∗
√
2
+
P2s ∗ σa
P1s ∗
√
2
)]
+
bl ∗ A ∗ exp
(
(x−Xa)
P1l
)
∗
[
1− erf
(
(x−Xa)
P2l ∗ σa ∗
√
2
+
P2l ∗ σa
P1l ∗
√
2
)]
+ (3.4)
bs ∗B ∗ exp
(
(x−Xb)
P1s
)
∗
[
1− erf
(
(x−Xb)
P2s ∗ σb ∗
√
2
+
P2s ∗ σb
P1s ∗
√
2
)]
+
bl ∗B ∗ exp
(
(x−Xb)
P1l
)
∗
[
1− erf
(
(x−Xb)
P2l ∗ σb ∗
√
2
+
P2l ∗ σb
P1l ∗
√
2
)]
+
(c ∗ A)
1 + exp
(
(x−Xa)
0.75∗σa
) + c ∗B
1 + exp
(
(x−Xb)
0.75∗σb)
)
Where A and B - the height of the peaks; Xa,b - the peak positions; σa,b - the standard
deviations of the peaks; P1l and P1s - decaying constants of the exponential low energy
tail; P2l and P2s - parameters that measure how fast the function goes to zero after the
centroid of the Gaussian function (erf is the error function); bl and bs - the proportion-
ality constants between the amplitude of the Gaussian functions and the amplitude of
exponential functions; c - Gaussian amplitude’s contribution to the constant background
component.
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The separate components of the fitting model are shown in figure 3.4 in order to help
visualising each component’s contribution to the main peak. The example includes the
components for one peak as the second peak’s components are the same.
Figure 3.4: Diagram showing the separate components of the fitting model for one of the peaks.
3.1.4 Charge sharing study at the B16 beam line
The 4 mm thickness compared to the 1 mm pad size suggested that, according to small
pixel effect, charge sharing would be an issue with this set up since the generated charge
has a large volume to drift before reaching the anode. The drifting charge diffusion is
characterised as a Gaussian distribution. The spread of arrival position of the deposited
charge due to charge diffusion was estimated using equation 3.5 [1].
σ =
√
2kTx
eε
(3.5)
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where k is the Boltzmann constant, T - temperature, x - charge drift distance, e -
charge of an electron and ε is the electric field magnitude and calculated using equation
3.6.
ε =
−∆φ
d
(3.6)
where φ is the potential difference between the electrodes and d is the distance be-
tween the electrodes. Taking the drift distance of B implanted HPGe to be 1 mm [67],
calculations showed the spread of the arrival position of the charge carrier was to be 170
µm. This meant that approximately 30 % of the active area of every pad is sensitive to
charge sharing assuming a Gaussian distribution of charge diffusion across the thickness
of the detector and that the X-rays interacted on the surface of the material i.e. maximum
diffusion of the charge.
In order to study the charge sharing effects in detail, an X-ray beam of the test beam
line B16 at the Diamond Light Source was used. The source of the B16 beam line is a
bending magnet and it can operate with Si(111) monochromator with photon energies
ranging from 4 keV up to 20 keV. The monochromatic beam can be collimated to tens of
microns using slits and pinholes. For charge sharing evaluation experiments, the detector
was positioned on a translational stage in front of the beam. A set of slits narrowed the
beam down to 20 µm x 20 µm area which were followed by a 10 µm diameter pinhole. This
resulted in a 10 µm x 10 µm collimated monochromatic beam. The setup of the detector
inside the beam line is shown in figure 3.5. An XIA digital readout system was used in
this test as it allowed to read out four central pads (6, 7, 10 and 11) simultaneously. Pads
6 and 7 had the PRE 015 model preamplifiers connected to them, while pads 10 and 11
had the PRE 016 model preamplifiers connected. The photon energy of the beam line
was set to 15 keV.
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Figure 3.5: The setup of the detector at the B16 beam line. The slits, pinhole and detector
position is displayed as well as the path of the X-rays incoming from the beam.
The charge sharing study was performed by scanning an area of 400 µm x 400 µm
centered in between the four central pads (6, 7, 10 and 11). This way the beam covered
areas of the detector where no charge sharing would take place, the charge sharing sensitive
edges as well as inter-pixel region. This resulted in a map of pixel response as a function
of the beam position being produced. In the map, the charge sharing would be evaluated
by identifying the peak position of the 15 keV beam in the pad. In the case of charge
sharing, the peak would be resolved in a lower energy channel. Also, the charge shared
events would generate a peak in the adjacent pad, which the beam did not hit.
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3.2 Results
3.3 Front-end Electronics
3.3.1 IV Measurements
An IV measurement was performed on the detector in order to identify the optimum
operational bias voltage. The results can be observed in figure 3.6. A rapid increase in
current was observed when the detector was operated above -150 V. This was associated
with the surface leakage current of the detector. It was established to operate the detector
at -180 V as the leakage current at this voltage was around 45 nA - 50 nA and it was
above the detector full depletion voltage of -80 V. The full depletion voltage was provided
by the manufacturer. Setting the bias voltage to -180 V resulted in a greater electric
field throughout the detector which increased the energy resolution. Operation at higher
voltages would have resulted in loss of stability and efficiency of the detector as the leakage
current would have affected the signal.
Figure 3.6: I-V measurement performed on the detector. A reverse bias voltage was applied.
A drastic increase in leakage current above 150 V bias voltage was observed.
57
CHAPTER 3. GERMANIUM DETECTOR CHARACTERISATION
3.3.2 CUBE Preamplifiers
As mentioned in section 3.1.2, there were two different models of charge sensitive reset
preamplifiers installed with the detector. The typical period and the characteristic peaking
voltages of the PRE 015 and the PRE 016 models were 1400 ms and 1600 ms and 3.15 V
and 4.04 V, respectively, which are displayed in figure 3.7. The reset period depends on
the leakage current of the channel.
Figure 3.7: Sawtooth and reset waveforms for pad 7 and pad 11 representing the PRE 015 and
PRE 016 preamplifiers models, respectively.
The rise time of an event waveform superimposed with the signal oscillations can be
observed in figure 3.8. This waveform was taken from pad 7, however, all pads showed the
same behaviour. The electronic noise issue can be observed in this figure as we expected
the waveform of an event be much smoother. The source of the high frequency oscillation
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was not identified exactly. However, a possible source was narrowed down to the contacts
between the crystal and the preamplifiers inside the cryostat. This possibility was not
tested as it was not possible to open the cryostat during the detector’s characterization
period. The rise time of an event from the 55Fe source was found to be approximately 50
ns with a voltage of an amplitude of 40 mV.
Figure 3.8: A waveform of a rise time of a single event on pad 7 illuminated with an 55Fe
radioactive source. A step rise in the voltage denotes the event.
The leakage current per pixel can be calculated from equation 3.7
(3.7)Ileakage =
∆V ∗ Cf
A ∗∆t
Where ∆V is the voltage; ∆t is the period; Cf is the capacitance and A is the
amplification factor. Cf and A are intrinsic to the preamplifiers as shown in figure 3.3.
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The leakage current for each pad was between 14 fA and 29 fA leading to a maximum
of approximately 3 pA for the reverse current of the whole 10 x 10 array pad matrix. The
measured leakage current from the in-built amp-meter on the ORTEC 660 power supply
was 39 nA at -180 V which can be attributed to the surface leakage current that is sunk
in the guard rings. The high frequency oscillation needs to be addressed during future
development of the detector as it contributes to electronic noise of the signal.
3.3.3 Electronic Crosstalk
The source of the noise artefacts that appear in low peaking times in the ORTEC collected
55Fe spectrum (figure 3.13) were caused by the electronic crosstalk between the pixels. The
electronic crosstalk appears from inter-pixel capacitance between the wires and contacts
inside the detector as they are placed very close to each other [68].
The electronic crosstalk was measured by triggering a selected pixel on the reset and
observing the behaviour of the shaping amplifier output signal of a nearby pixels. Since
the detector was not exposed to radiation, the shaping amplifier output signal should be
flat. However, as displayed in the figure 3.9, a significant signal was observed in all of the
pixels. The electronic crosstalk generated signal stayed constant over 2 - 3 minutes while
the measurement was conducted. Since the crosstalk signal is from a shaping amplifier it
was amplified by a factor intrinsic to that model. Interestingly, comparing the signal that
appeared on pad 7 when pad 6 was triggered and the signal that was observed on pad 6
when pad 7 was triggered no similarities of the crosstalk were observed. The same was
observed when triggering pads 6 and 11 as shown in figure 3.9. The electronic crosstalk
signatures of all pad combinations can be found in appendix 6. The crosstalk artefacts
were eliminated by setting the preamplifiers to common reset mode. The comparison
of spectra between independent and common reset is shown in figures 3.10 and 3.11.
The spectra were obtained using a Mo-target laboratory X-ray tube and direct beam.
Characteristic Mo K-lines are in channels 1700 and 1900.
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Figure 3.9: Electronic crosstalk signal amongst the pads 6 and 7 as well as pads 6 and 11. The
electronic crosstalk signal signature depended on the pad triggered.
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Figure 3.10: Comparison between independent and common reset modes on preamplifiers on
pad 6. Direct Mo-target X-ray tube beam spectrum is shown. The characteristic Mo K-lines are
in channels 1700 and 1900.
Figure 3.11: Comparison between independent and common reset modes on preamplifiers on
pad 7. Direct Mo-target X-ray tube beam spectrum is shown. The characteristic Mo K-lines are
in channels 1700 and 1900.
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The use of common reset eliminated the electronic crosstalk artefacts but reduced the
energy resolution of the pixel. The degradation of energy resolution most likely arose
due to unresolved issues with the electronic noise. A direct comparison between the reset
modes was conducted during the beamline experiment and the results are shown in figure
3.12. The low energy peaks are Germanium Kβ and Kα escape peaks of 4 keV and 5.2
keV. The extracted FWHM from Gaussian fit of the 15 keV peak were 523 eV and 957
eV for the independent and common resets respectively.
Figure 3.12: Comparison of Independent reset versus Common reset spectrum from a 15 keV
beam. The pad 10 spectrum was recorded with XIA digital readout system and 0.5 µs peaking
time. The additional peaks on the low MCA channels were Kβ and Kα escape peaks of 4 keV
and 5.2 keV, respectively.
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3.3.4 Spectroscopic performance
Energy Resolution
An 55Fe radioactive source was positioned 5 cm away from the detector’s window and was
used for determining the energy resolution of the detector. The spectra were obtained
for each of the four central pixels individually using an analogue readout circuitry and
for a range of shaping times (0.125 µs, 0.25 µs 0.5 µs, 1 µs, 2 µs, 3 µs, 6 µs, 10 µs) in
order to identify the optimum operational shaping time and to study the behaviour of the
detector’s front-end electronics.
A typical 55Fe spectrum can be observed in figure 3.13. The 55Fe spectra of all pixels
included a long tail on the low energy side of the characteristic peaks. This tail appeared
in the spectra of all shaping times. The main cause of this tail is the charge shared
between the pixels which is going to be discussed in greater detail in section 3.5
Reading out the data with 0.5 µs shaping time generated some artefacts on the low
energy side of the spectra as seen in the figure 3.13. However, these artefacts did not
appear on the 10µs shaping time spectrum. This suggested that the source of these
artefacts is the electronic crosstalk between the pixels which was discussed in more detail
in section 3.3.3.
For beam line experiments the XIA digital readout system was used as it had the
ability to read out 4 pads at the same time. Prior to the experiment it was important
to compare spectra from the digital XIA and analogue readout system. 55Fe Spectra
from the ORTEC shaping amplifier and the XIA digital system are shown in figure 3.13
and figure 3.14, respectively. The 55Fe spectra from both the readout systems showed a
significant low energy tailing with an increase of counts around channels from 100 to 200,
thus, proving that the artefacts were not readout system related. No additional difference
was observed in between the spectrum collected using the ORTEC 671 shaping amplifier
and the XIA digital readout system.
64
CHAPTER 3. GERMANIUM DETECTOR CHARACTERISATION
Figure 3.13: 55Fe spectra generated using an ORTEC 671 shaping amplifier with 0.5 µs shaping
time on the left and 10 µs on the right
Figure 3.14: 55Fe spectrum generated using XIA digital readout system
The FWHM for all pixels was found to be less than 170 eV at 5.9 keV. The FWHM
was extracted from the standard deviation of the main peak from the fitting routine. The
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FWHMs of the peaks measured empirically, i.e. just the width at half maximum are
approximately 15 % larger than the FWHM of the Gaussian component. The aforemen-
tioned energy resolution was obtained while reading out the data with 6 µs shaping time
and having around 1000 cps per pixel. Figure 3.15 displays the improvement of energy
resolution with shaping times. The shaping times of 0.125 µs, 0.25 µs and 0.5 µs were
obtained using a CANBERRA 2016 A shaping amplifier while higher shaping times were
obtained with the ORTEC 671 shaping amplifier. Setting both shaping amplifiers to the
same shaping time value resulted in the same energy resolution.
Figure 3.15: Energy resolution FWHM versus shaping times ranging from 0.125 µs until 10
µs for all of the active pads. The FWHM was obtained from the Gaussian component of the
fitting routine.
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3.3.5 Linearity of Preamplifiers
241Am and 57Co radioactive sources were used to determine the linearity of the detector’s
response with energy. The 57Co characteristic γ-ray peaks of 14 keV, 122 keV and 136
keV and the characteristic γ-ray peak of 241Am of 59.5 keV were used for the linearity
measurement. The spectra of 241Am and 57Co are shown in figure 3.16. The linearity of
the detector is represented in figure 3.17. The extracted Chi-squared value of the linear
fit was 1.
Figure 3.16: 241Am and 57Co spectra from an ORTEC shaping amplifier
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Figure 3.17: A figure of the peak position in MCA channel against the photon energy for 14
keV, 122 keV and 136 keV lines of the 57Co and the 59.5 keV line of the 241Am. The dots
represents the experiment data and a linear fit is applied to them.
The Fano factor was obtained through a linear fit of the plot of the variance against
the photon energy and using equation 2.18. The Fano factor was found to be 0.12 ± 0.02
which agrees with the expected value for germanium which is in the range of 0.057 to
0.129. [1].
3.4 Stability
3.4.1 Polarisation
Polarisation effects of the detector were investigated. An 55Fe radioactive source was
placed in front of the detector and data was taken 4 times during a 24 hours period
during which the detector was operated continuously. The results showed an insignificant
shift of less than 1% in both of the 5.94 keV and 6.49 keV characteristic X-ray peak
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positions. No decrease in the total counts of each peak was observed. The peak positions
were within 10 channels of the original peak position throughout the measurement. The
stability of the 5.94 keV peak is represented in figure 3.18. The difference in peak positions
with respect to shaping time arose from the ORTEC 671 shaping amplifier having different
gains for each shaping time.
Figure 3.18: Peak position over 24 hour measurement for pad 6.
3.4.2 Peak Stability
Another stability experiment performed on the detector involved determining stability of
the main peak over a range of count rates, thus, testing whether the detector and the
current readout electronics can cope with high count rate measurements. This experiment
was performed alongside the scan measurement using B16 beam line at the DLS. Tungsten
slits that were used to narrow down the beam to 20 µm x 20 µm were incrementally opened
until the maximum beam area of 400 µm x 400 µm was achieved, thus, increasing the
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count rate of each measurements. At each of the increments the spectrum on pad 10 was
recorded. Previous lab measurements showed the same shift of peak throughout all of the
pads, hence, only one of the pads was investigated. Figure 3.19 shows the position of the
peak for each of the count rates. The peak shifted by 5 channels towards the origin as
the count rate was increased from 11 kcps to 838 kcps. This corresponded to 0.8% peak
shift, thus, proving that the electronics can handle high count operations. The shift of
peak was attributed to the pile-up of the preamplifier at high count rate.
Figure 3.19: Peak stability of 6 keV photons of a single pad for count rates ranging from 11
kcps to 838 kcps.
3.5 Charge Sharing
Figure 3.20 shows the peak position on each of the scan for each of the pads. The inter-pad
region was denoted as the x and y axes and the point of origin of these axes corresponded
to the centre of the inter-pad region between the four pads. In an ideal scenario, the
position of the peak would be constant throughout the area of the pad and drop to 0 at
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the edge of it. The results of the scan showed that the position of the main peak shifts
when the beam moved closer to the edge of the pad and even collected charge when the
beam was outside of the pad.
Figure 3.20: The shift of peak position for each of the pads
Figure 3.21 displays the linear profiles of peak position of pads 6 and 7. The peak
positions were normalized to the value where the beam was aimed furthest from the edge
of the pad. The two curves cross over where the normalized peak position is 0.5. The two
curves are symmetric with respect to a vertical line that would pass the cross over point
which shows that pad’s response is uniform. Furthermore, summing the values of peak
positions of both pads together results in peak positions very close to one. This implies
that no charge trapping at the edges is observed and that the low energy tail observed in
spectra only arises due to charge sharing effects.
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Figure 3.21: Horizontal linear profiles of the peak positions of the pads 6 and 7. The peak
positions are normalized to their values at the farthest position from the edge.
Another proof that charge sharing is an issue can be observed in the spectrum taken
during the beam line focused X-ray beam and an 55Fe spectrum. The 55Fe source broadly
irradiated the area of the detector, thus, the events were collected in charge sensitive areas
as well as middle of the pixels. The X-ray beam at the B16 beam line was focused to 20 x 20
µm2 area in the centre of a pad, thus, eliminating the charge shared events from occurring.
The comparison of these two spectra is shown in figure 3.22. The spectrum taken from the
beam line had a peak to background ratio of approximately 200, while the 55Fe spectrum
had a lower the peak to background ratio of approximately 30. Despite the increased
peak to background ratio low energy tailing is still visible. This tail was attributed to the
dead-time of the preamplifiers resulting in resolving the energy of the events non-fully.
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The peak to background ratio of the 15 keV monochromatic beam spectrum would have
been higher than the 55Fe one even if the whole detector was illuminated due to higher
energy X-rays interacting deeper in the Ge, thus, reducing the maximum possible diffusion
of the generated charge carriers.
Figure 3.22: Spectrum on the left is from beam line experiment with the 20 x 20 microns
beam centred on the pad. Spectrum on the right is from lab measurements using 55Fe radioactive
source.
3.6 Summary
In this chapter characterisation work on a Germanium detector with integrated low noise
front-end electronics was presented. The characterisation work included spectroscopic per-
formance, stability studies as well as investigation of custom built CUBE pre-amplifiers.
Two main issues were identified with the demonstrator system. Firstly, excessive elec-
tronic noise was identified in the front-end electronics. The source of it has been nar-
rowed down to the connection between the pads and the pre-amplifiers or amongst the
pre-amplifiers due to observed significant electronic crosstalk. Secondly, charge sharing
causes significant low energy tailing in a spectrum. It arises due to charge diffusion over
the detector volume as the crystal is 4 mm thick.
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The characterisation work showed that the energy resolution is better than 250 eV
FWHM at 6 keV which is sufficient for XAFS experiments, as well as, that the pre-
amplifiers can cope with beam line flux of radiation of 838 kcps per pad without significant
degradation of performance, thus, a future full development of this system is scheduled.
The full detector system will include a larger 20 x 20 pad matrix with individual pre-
amplifiers for each pad. The pre-amplifiers will need to be housed inside the cryostat which
requires a custom cryostat to be designed. Furthermore, the new design will address the
electronic noise issue as well as have charge sharing correcting electronics designed in the
front-end electronics. The final system should replace the current generation Germanium
detector systems at the DLS.
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Characterization of Schottky CdTe
Medipix3RX polarization effects
Third-generation synchrotron facilities such as the Diamond Light Source (DLS) operate
at energies of up to 150 keV and have a vast range of experiments performed there. The
I15 extreme conditions beam line provides a monochromatic high-energy X-ray beam of
energies ranging from 20 keV to 80 keV. The X-ray beam can be focused and collimated
to an area of less than 20 µm and is used for powder and single-crystal diffraction exper-
iments in order to study the single crystal structure, chemical fingerprinting or mapping
the structural order or disorder of samples. [69]. Powder and single-crystal diffraction
techniques requires high Z detectors with high spatial resolution as well as readout rates.
Currently, the beam line employs Si-based detector systems such as Pilatus 100K [70],
Perkin Elmer flat panel 1621 EN [71] and the Atlas CCD [72]. They have pixel sizes
ranging from 0.048 mm x 0.048 mm in Atlas CCD case to 0.2 mm x 0.2 mm in Perkin
Elmer’s flat panel detector. The small pixel size is required in order to obtain as much
information from diffraction pattern as possible, thus, the Ge-based pixelated detector
with 1 mm x 1 mm pixel size could not be used here. The Si-based detector systems
have low efficiency in absorbing X-rays in the energies used in this beam line as shown
in 2.14. This lead to researching CdTe as a semiconductor detector material for the new
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generation detector technology.
An investigation was conducted in order to see whether Schottky CdTe Medipix3RX
detector with 0.11 mm x 0.11 mm pixel size could be used for powder and single crystal
diffraction measurements and whether a stable control of the detector over long periods
of time and changing operational conditions can be maintained. An important aspect of
CdTe detectors is the type of metal contacts used. Ohmic contacts have the advantage of
stability as they have minor polarization effects. However, Ohmic contacts exhibit larger
leakage current by a couple orders of magnitude when compared to Schottky contacted
detectors. On the other hand, Schottky detectors have lower leakage currents but studies
report that they are prone to significant polarization effects [73]. For this, an extensive
study on the polarization of Schottky e- collection CdTe detector system was performed.
The results of an investigation of polarization effects of a Schottky e- collection CdTe
bump-bonded to a Medipix3RX chip and their dependence on operational conditions
such as exposure time, radiation flux and temperature are presented in this chapter.
The description of the Medipix3RX chip as well as operational conditions used and the
experiment set up are described. Furthermore, a previously unreported pixel behaviour
and its use as a criterion for depolarization of the detector are outlined. The proposed
technique for depolarization which takes into account the aforementioned operational
conditions is described.
4.1 Methods
4.1.1 Medipix3RX Detector
CdTe Schottky e- collection sensors bump-bonded to Medipix3RX chips were used in this
study in order to evaluate the polarization effects and determine optimised operational
conditions. CdTe sensors were manufactured by Acrorad[37]. Five single and five quad as-
semblies were manufactured as part of the European CALIPSO-HIZPAD2 project. Single
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assemblies had 110 µm x 110 µm pixel pitch with a 128 x 128 pixel matrix with dimensions
of 14.2 mm x 14.2 mm x 0.75 mm. Quad assemblies had the same pixel pitch but 256 x
256 pixel matrix and were of 28.4 mm x 28.4 mm x 0.75 mm dimensions. The crystals
were bump-bonded using InSn bump-bonds by Advacam [74]. The Diamond Light Source
[5] developed MERLIN readout system was used for readout, control of bias voltage reset
and monitoring of the temperature of the detector [75].
For this project we have used a Medipix3RX chip. Currently, there are three gener-
ations of Medipix chips. The first generation Medipix1 chip was developed to show the
basic principle of a photon counting method with a high dynamic range and no noise.
The Medipix2 chip was a continuation of the first generation Medipix1 chip with an ad-
ditional threshold. This allowed energy window discrimination to be implemented which
means that using two energy thresholds one can selectively acquire events of a specific
energy range. A limiting factor of Medipix2 performance was charge sharing between
the pixels due to the 55 µm pixel pitch. This lead to the development of the third gen-
eration Medipix3 chip which had charge summing algorithms implemented in the pixel
architecture. However, the hit allocation mechanism did not work as expected due to
high pixel-to-pixel threshold mismatch and an architecture sensitive to it. To address this
issue, a new chip Medipix3RX was developed. The new pixel architecture addressed the
pixel-to-pixel threshold mismatch [76].
The Medipix3RX chip can be operated in ”Single pixel mode (SPM)” or in ”Charge
summing mode (CSM)”. Each pixel has an amplifier, a pair of comparators and a counter
as shown in figure 4.1. In SPM, after a photon interacts with the sensor, the resulting
signal pulse from the amplifier has an amplitude that is directly proportional to the charge
deposited and collected in the pixel. Moreover, the length of the signal pulse also increases
with the collected charge. The amplitude of the generated signal is compared to a pair of
adjustable thresholds. The counter is incremented if the signal is between both thresholds
[18].
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Figure 4.1: A schematic of a photon counting detector system. The charge deposited from the
X-ray interaction in the sensor is collected with the application of bias voltage. The generated
signal passes through an amplifier and if the signal is above the set threshold in the comparator
the counter is incremented. [77]
Medipix3RX chip also has a ”Charge summing mode (CSM)” implemented and the
algorithm behind it is illustrated in figure 4.2. When a photon interacts with the detector
and deposits its energy in the vicinity of a pixel, the generated charge cloud area is larger
than the pixel’s area. This results in charge deposited and signal induced in a cluster of
pixels. In CSM, the deposited charge on the central pixel is compared with the charge of
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the neighbouring pixels using a network of arbitration circuits. These circuits allocate the
hit to the pixel that had the largest deposited charge as shown in Fig.4.2(a). In parallel
to this process, summing circuits that are physically located at the corners in between
pixels reconstruct the total charge in clusters of 2 x 2 pixels as shown in Fig.4.2(b).
Figure 4.2: A diagram of the Charge Summing Algorithm of the Medipix3RX chip. The
locally deposited charge is compared with a threshold. The output of the comparator is fed into
an arbitration network which determines which pixel received the largest amount of charge (a).
The charge summing nodes on the corner of each pixel reconstructs the total charge deposited
in a 2 x 2 pixel area and allocates it to the pixel with the largest charge deposited (b). Adopted
from [78]
The pixel matrix of the Medipix3RX chip can be programmed to operate either in
”Fine pitch mode” or in ”Spectroscopic mode”. In the Fine pitch mode, the pitch of
the detector pixels matches the 55 µm pitch of the readout chip. The Spectroscopic
mode groups the readout pixels in clusters of four pixels, resulting in a single detector
pixel of 110 µm pixel pitch. A single readout pixel is bump-bonded in the 110 µm
pixel case. This allows the non-bonded pixels to be used to provide additional 6 energy
thresholds, resulting in total 8 energy thresholds in a single pixel. Using the spectroscopic
mode configuration of the chip, ”color” imaging is available. Color imaging utilises the
available 8 energy thresholds from the spectroscopic mode pixel matrix configuration. In
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Color mode, a set of 8 images is taken with each image having a different energy threshold
set. Afterwards, an oﬄine image subtraction can be performed in order to obtain images
of a specific energy range [79].
4.1.2 Operational conditions
All of the experiments in this chapter were performed using a Molybdenum target labo-
ratory X-ray tube with maximum voltage of 50 kVp and maximum current of 50 mA. A
direct X-ray beam was used to uniformly illuminate the detector that was approximately
70 cm away from the X-ray tube. The detectors were tested under several temperatures
and radiation fluxes. The thermal stability of the detector was ensured using a water
chiller and a copper plate at the back of the detector assembly. The bias voltage was set
to -500 V. Bias voltage reset cycles consisted of a 5 s ramping down of the bias voltage
from -500 V to 0 V, keeping the detector at 0 V for 1 s to 30 s and ramping the voltage
back to -500 V in 5 s. The temperatures for measurements ranged from 10 ◦C to 24
◦C. Cooling to lower temperatures was not possible as it would have resulted in opera-
tion below the dew point. The X-ray tube could operate under horizontal and vertical
orientation as shown in figure 4.3. The direct beam from the horizontal orientation was
used to produce high flux conditions for polarization testing. The vertical orientation was
used to illuminate a fluorescent foil such as Mo, Ag and Zr in order to obtain low flux
measurements and to perform energy calibrations for the energy thresholds.
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Figure 4.3: The experimental setup used to characterise polarization effects of CdTe
Medipix3RX detector.
4.1.3 Flat-field coefficients
The uniformity of imaging performance was evaluated using flat-field coefficient his-
tograms. The flat-field coefficient values are obtained by dividing each pixel’s count
value by the mean count value of the whole sensor. The division is repeated for each
frame individually. Afterwards, a histogram of the flat-field coefficients is generated and
centred around one, where one is the mean count value of the whole sensor.
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4.2 Results
Sensor-level polarization
4.2.1 Polarization over time
In order to evaluate the Schottky CdTe detector’s performance in terms of stability, the
effects of polarization were investigated. To begin with, the behaviour of polarization over
time was studied. Figure 4.4 shows the degradation of flat-field uniformity after 90 and
300 minutes. The detector was cooled to 12 ◦C and registered 9 kcps per pixel radiation
flux. No bias voltage reset was applied in order to fully observe the polarization effects.
The total number of counts in the first, 90 min, and 300 min frames was 1.76 * 108, 1.5
* 108, and 1.33 * 108, respectively.
Figure 4.4: Polarization dependency with time. The single flat-field images were obtained 0
min (a), 90 min (b) and 300 min (c).
Figure 4.5: Flat-field coefficient histograms extracted from the flat-field images in figure 4.4
for the 0 min (a), 90 min (b) and 300 min (c) illumination duration. The detector was cooled
to 12 ◦C.
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Figure 4.5 shows the extracted flat-field coefficients for the flat-field images in figure
4.4. In Fig.4.5(a) the equalized detector shows a Gaussian response. A Gaussian distri-
bution expected as the pixel thresholds were equalized following a Gaussian distribution.
The extracted standard deviations of the Gaussian fit of the histograms in 4.4 were 0.16,
0.24 and 0.34 for Fig.4.4(a), Fig.4.4(b) and Fig.4.4(c), respectively. Some pixels are reg-
istered beyond the minimum and maximum deviations from the centre at 0.5 and 1.5,
respectively. The pixels are considered cold i.e. counting zero, or hot i.e. counting at
saturation of the counters of 4095 counts. As time progressed and shown in Fig.4.5(b),
the full width half maximum of the peak in the histogram increased. In addition, more
pixels were now registered at the maximum and minimum flat-field coefficient values. The
spike of counts appearing on the left hand side of the peak corresponds to the saturated
pixels. It is not positioned at the 0.5 value due to the mean value of the whole sensor
shifting. The cold and hot pixels were not excluded when calculating the mean value of
the whole sensor. As seen in Fig.4.5(c), after three hours the uniformity degraded to a
level where most of the pixels were either counting zero or saturated and the main peak
lost the Gaussian shape. The equalization of pixel-thresholds resulted in a Gaussian a
distribution. This suggested that the detector could not be operated at fully polarized
state.
The first frame already contains a few types of non-uniformities. Also, each flat-field
image reveals multiple polarization effects occurring over time.
• Firstly, small areas of lower counts (represented in green) are observed across the
sensors. A magnified view of this defect is shown in figure 4.6.a. These areas
typically have a dead pixel in the middle which acts as a drain to the electric field
for the surrounding pixels. This leads to charge drifting into the dead pixel instead
of the pixel below the generated charge cloud, thus, resulting in the reduction of
counts. Also, these dead pixels are possibly one of the sources of the observed
leakage current. Moreover, the under-counting areas increase in size over time due
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to charge trapping as seen in the flat-field image after 90 minute exposure.
• Secondly, the edges of the detector are affected. As time progresses the edges are
losing counts quicker than the rest of the detector which is attributed to the localised
collapse of electric field at the edges of the sensor. The collapse of the electric field
arises due to localised leakage currents on the edges of the crystal [80].Also, in the
first frame an increase of counts is observed on the edge on the left hand side. These
increased number of counts appear from the fact that the bias voltage is applied
through there, resulting in a stronger local electric field.
• Thirdly, an over-counting pixel defect was observed and shown in figure 4.6.b. It is
characterised as a dead pixel in the center of the defect surrounded by over-counting
adjacent pixels. This defect was localised to the nearby pixels and did not increase in
area over time. The defect arises from the pixel not having a bump-bond connection.
This leads to charge drifting to the adjacent pixels instead of the central one as no
anode is present.
Figure 4.6: Two type of polarization defects identified in the flat-field images. An
under-counting area (a) and over-counting cross with a dead pixel in the middle (b).
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4.2.2 Temperature effect on polarization
Sensor level polarization dependence on temperature was investigated by cooling the de-
tector to 12 ◦C, 18 ◦C and 24 ◦C (i.e. room temperature) temperatures and exposing it
to direct radiation flux from the X-ray tube for 90 minutes. The detector could not be
cooled to lower temperatures as the open casing of the detector was sensitive to humidity.
Further reduction of temperature would have caused the system to be operated below the
dew point. The operation below dew point could cause droplets of dew forming on the
application-specific integrated circuit (ASIC) and potentially causing critical damage to it.
The degradation of the flat-field image uniformity with respect to different temperatures
is shown in figure 4.7.
As seen in figure 4.7, increasing the temperature caused an increase in degradation of
the flat-field image after the 90 minute exposure. Also, the detector was already polarized
in the initial frame of the 24 ◦C flat-field image. Not only is the average number of counts
less than that of the cooled flat-field image, but more dead pixels are visible in the image
as well. The minor variation in the average counts of the 12 ◦C and 18 ◦C flat-field
images arose from the experiments being conducted on different days and the position of
the detector not being exactly in the same distance away from the X-ray tube.
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Figure 4.7: Polarization dependency with respect to temperature. The detector was
illuminated under the same conditions of 9 kcps per pixel Molybdenum target X-ray tube’s beam.
Cooling the detector slowed down the polarization effects significantly in terms of total
efficiency and the uniformity of the detector’s response. The cooling of the detector causes
a reduction of thermally generated charge carriers which cause less charge trapping. The
quantified reduction in total efficiency of the aforementioned temperatures is shown in
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figure 4.8.
Figure 4.8: Polarization dependency over time for different temperatures. The detector was
illuminated under the same conditions of Molybdenum target X-ray tube being set to 20 kVp
and 1 mA. The detector registered 9 kcps per pixel radiation flux.
In figure 4.8 the total number of counts of an image was normalized in order to compare
the rates of degradation of the loss of efficiency. The 24 ◦C dataset in figure 4.8 shows
that the efficiency does not drop linearly to zero but starts to saturate after some time.
4.2.3 Radiation flux effect on polarization
The effect of radiation flux onto the polarization was investigated by keeping the detector
cooled to 18 ◦C while varying the incident radiation flux from 100 cps per pixel to 24 kcps
per pixel. The data was collected for a 90 minutes without applying bias voltage reset.
Radiation flux increases the ionization rate of electron-hole pairs inside the semicon-
ductor. This results in an increased number of free charge carriers which can be trapped
by the defects and impurities, thus, causing polarization to take place sooner. The com-
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parison of incident fluxes and the rate of reduction of total efficiency is shown in figure
4.10. Increasing the incident flux resulted in an increased rate of polarization. Moreover,
saturation is visible at the end of the 24 kcps per pixel flux exposure suggesting that the
detector is nearing a fully polarized state.
Figure 4.9: Polarization dependency over time for different photon fluxes. The detector was
cooled to 18 ◦C for all the measurements.
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Figure 4.10: Flat-field images of a quadrant of a quad detector. The detector was cooled to 18
◦C. Flat-field image of the first frame of exposure (a). Flat-field after 10 minute exposure at 9
kcps per pixel flux (b). Flat-field after 90 minute exposure at 9 kcps per pixel flux (c).
Flat-field image after 10 minute exposure at 300 kcps per pixel (d). The 24-bit counter was
used to obtain flat field images (a) and (d). The 12-bit counter was used to obtain flat field
images (b) and (c).
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Figure 4.11: Flat-field coefficient histograms of the flat-field images displayed in figure 4.10.
Histogram of the flat-field image of the first frame of exposure (a). Histogram of the flat-field
after 10 minute exposure at 9 kcps per pixel flux (b). Histogram of the flat-field after 90 minute
exposure at 9 kcps per pixel flux (c). Histogram of the flat-field image after 10 minute exposure
at 300 kcps per pixel (d). The 24-bit counter was used to obtain flat field images (a) and (d).
The 12-bit counter was used to obtain flat field images (b) and (c).
The degradation of the sensor’s performance arising from polarization is typically
identified as loss of counts, appearance of dislocation lines and reduction in the total
uniformity of response [53]. Figure 4.10 shows four flat-field images of a sensor obtained
after different conditions. The detector was operated at 18 ◦C temperature. The scale
of the flat-field images is the number of counts collected in the integration time. The
difference in the total number of counts in between the frames differs due to one (12
bit) or two (24 bit) counters being enabled during the acquisition which changed the
integration rate. Fig.4.10(a) and Fig.4.10(d) used a 24 bit counter, while Fig.4.10(b) and
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Fig.4.10(c) used the 12 bit counter. The integration time for 24-bit counter measurement
was 500 ms, while the 12-bit counter obtained images had 300 ms integration rate.
The uniformity of response was evaluated using flat-field coefficient histograms. The
flat-field coefficient values are obtained by dividing each pixel’s count value by the mean
count value of the whole sensor. This resulted in a histogram of flat-field coefficients
as shown in figure 4.11. The flat-field coefficient values in Fig.4.11(a) were obtained
from the flat-field image of Fig.4.10(a), while the Fig.4.11(b) histogram coefficient values
were obtained from the flat-field of Fig.4.10(d). Due to the polarization effects, the total
uniformity of the detector’s response to radiation decreases over time as the width of
the histogram increased. The skew of the distribution towards higher flat-field coefficient
values in both histograms arises from the reduction of efficiency of the detector due to
polarization. The skewness of the four histograms were 1.463, 0.728, 1.502, and 4.2974,
while the standart deviations extracted from a Gaussian fit were 0.112, 0.123, 0.235, and
0.297. The reduction of the registered counts requires a flat-field coefficient value greater
than 1 in order to correct the pixel’s counts to the mean counts of the sensor. A Gaussian
distribution of the flat-field coefficients is expected in the first frame as a Gaussian pixel-
threshold calibration was performed on all the sensors around the noise edge. The skew
in the Fig.4.11(a) shows that the polarization effect is already observed in the first frame.
It was observed that the dominating polarization effect of the sensor, i.e. having the
greatest impact on the uniformity of sensor’s response, is flux. As shown in Fig.4.10(c),
the dominating effects under low flux and long exposure are total loss of counts and
dislocation lines, as well as saturated pixels which appear in white. With the 12 bit
counter, a saturated pixel records a maximum of 4095 counts per frame. Under high flux
operation, as shown in Fig.4.10(d), the dominating effect are the tri-phase (3-P) pixels
which count zero, and will be discussed in section 4.2.4. For comparison, Fig.4.10(b) and
Fig.4.10(d) show the difference in degradation after 10 minute exposure but for 9 kcps
and 300 kcps flux, respectively. It is worth mentioning that depolarizing the detector
restored the response of all the pixels to the original state as shown in Fig.4.10(a) for all
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detectors.
Pixel-level polarization
4.2.4 Pixel behaviours
Previous studies of CdTe pixelated detectors have identified three types of pixel be-
haviours. Firstly, the majority of pixels follow the whole sensor’s behaviour i.e. have
a steady decrease of counts over time. Secondly, some pixel’s counting performance stays
stable. The third type of pixels show a steady increase in counts over time. The increase
in counts is usually found in the pixels adjacent to a pixel without contact, thus, the
charge that would have been collected by a contactless pixel is drifting to the adjacent
ones [73]. Furthermore, a fourth type of pixel behaviour was observed in our single and
quad assemblies that was dominating the degradation of the flat-field images under high
flux which has not been reported before. The so-called tri-phase pixel behaviour is shown
in figure 4.12.
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Figure 4.12: A typical tri-phase pixel behaviour with the three main phases identified.
The first phase was identified as a steady increase of counts. In the second phase, there
is a more rapid increase of counts until a certain value. The maximum number of counts
slightly varied for every pixel as seen in figure 4.13. During the third phase, the total
number of counts decreased at different rates but always reached zero within 30 seconds,
which left the pixel not counting until the bias voltage reset was applied. Figure 4.13
shows the counts as a function of time for two example pixels in each quadrant of a quad
module. The pixels were neither adjacent to each other nor near underperforming pixels.
These pixels were identified as the zero counts pixels at the end of a 10 minute cycle as seen
in the Fig.4.10(d) image. The total number of these type of pixels increased over time.
Moreover, they all showed a similar behaviour to that shown in figure 4.13. Furthermore,
these pixels were consistently observed in each of the sensors tested in first and third quad
assemblies (i.e. 8 different sensors), as well as exhibited the same behaviour over multiple
cycles as shown in figure 4.14. The second and fourth quad assemblies were not tested as
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they were inoperable due to faults during the detector’s assembly.
Figure 4.13: 3-P pixels’ behaviour from each of the quadrants from a quad assembly.
Figure 4.14: A single 3-P pixel’s reproducible behaviour over nine 10 minute cycles.
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The physics behind the 3-P pixel’s behaviour is not currently understood. A possible
explanation would be that a localised ionised space-charge trap above the pixel’s volume
causes a localised lensing effect of the electric field towards one pixel and, thus, most of
the generated charge drifts towards that pixel instead of being evenly distributed around
the area of the generated charge cloud. This, in turn, leads to an increase of counts in
the pixel. The second phase shows a more rapid increase of counts which might arise
from the flood of charge affecting the space charge near metal, locally increasing leakage
current and modifying the barrier, hence, changing its behaviour more into an ohmic
type. Finally, the pre-amplifiers cannot distinguish between the events, thus, increasing
the dead time to 100% and dropping the pixel’s counts to zero. However, this explanation
does not take into account the sudden spikes observed during the third phase of the 3-P
pixels’ behaviour. The 3-P pixels cannot be easily corrected for, as each 3-P pixel increase
and subsequent drop of counts to zero occurs at different times.
On the other hand, the 3-P pixel behaviour is reproducible over multiple depolarization
cycles as seen in figure 4.14. The mean ramping time of phases 1 and 2 was 335.3 s ± 16
s. The mean maximum counts value was 16.55 * 104 counts ± 0.415 counts. The minor
differences between each cycle might have been from minor fluctuations in the operating
environment as even a half a centigrade change in temperature would have an effect on
the charge collection as established in section 4.2.2.
4.2.5 Depolarization using bias voltage refresh
A common way of depolarizing the detector is to reset the applied bias voltage on the
detector. The longer the bias voltage is switched off the more trapped charge is released.
This was observed by investigating the 3-P pixels’ behaviour when the bias voltage was
being reset. When the bias voltage was ramping down towards zero volts, the pixel was
activated and counted more than the nearby pixels, which suggested that the trapped
charge was being released.
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The duration of the bias voltage to be switched off was dependent on the degradation
of performance of the detector and the operational conditions. For low flux measurements
it has been observed that a shorter ”off time” was sufficient to completely depolarize the
detector and keep it stable over multiple cycles. For all the tests the bias voltage ramping
time, i.e. the time it took for the bias voltage to decrease from 0 V to -500 V, was 5 s
and was kept the same for all measurements.
We have investigated the effect of the duration of the bias voltage being switched off.
Figure 4.15 shows the loss of the total number of counts for each of the sensors of the
quad assembly with different durations of bias voltage being switched off. The durations
tested were 1, 10, 15 and 20 seconds. The detector was operated under 300 kcps per pixel
flux and cooled to 18 ◦C. The frame rate was 500 ms. Note the mean pixel value of the
final frame of each cycle decreased when the bias reset time was too short. This effect
is visible in the Fig.4.15(a) and Fig.4.15(b) plots. It arose from the fact that the sensor
did not fully depolarize. However, the Fig.4.15(c) and Fig.4.15(d) plots show that bias
reset duration was long enough to keep the detector stable in between the cycles. The
behaviour of the fourth quadrant followed the same trend as the other three but it has
been excluded from figure 4.15 as it had noisy pixels which disrupted the plot. The total
efficiency of the sensor continued to reduce in each cycle in the case of 1 s and 10 s bias
voltage refresh. The efficiency after the first bias voltage reset cycle was 91 % and 94 %
and reduced to 88.9 % and 90.1 % at the end of the fourth cycle for 1 s and 10 s bias
voltage refresh, respectively. In the case of 15 s and 20 s bias voltage refresh, the total
efficiency of the sensor at the end of each cycle was stable at 92.3 %. Additionally, a small
overshoot is observed after the bias reset was applied. The overshoot is of approximately
2% of the total number of counts and lasts less than three seconds. The black line is set
to one for a clear display of the overshoots.
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Figure 4.15: Mean values for each frame during several refreshing bias cycles for three quad-
rants of a quad assembly and for different bias refresh times: with a 1 s refresh time (a), 10 s
(b), 15 s (c) and 20 s (d). The black line is set to one for a clear display of the overshoots.
During the highest flux measurement where the X-ray tube was set to 25 kVp and 50
mA and the detector registered over 140 kcps per pixel per frame, the leakage current of the
whole system has increased almost two order of magnitude. Under low flux conditions
the typical leakage current was measured to be in the order of 1 x 10−6 A. However,
as shown in figure 4.16 the initial leakage current of the detector was already at 3 x
10−5 A. As the measurement progressed, the leakage current linearly increased while the
total efficiency of the detector decreased. The miss-match between the refresh times was
because the detector was set to collect data for 10 minutes while the bias voltage refresh
was performed 5 seconds later for 5 seconds. At the end of the third cycle the leakage
current exceeded 1 x 10−4 A. Despite the increase of leakage current by almost two order
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of magnitude, the efficiency and the leakage current of the detector was restored to the
original state after the bias voltage reset was applied.
Figure 4.16: The measured leakage current while the detector was illuminated with a direct X-
ray beam of flux over 140 kcps per pixel. As the leakage current increased the efficiency reduced.
The offset between the cycles was due to bias voltage reset applied 5 seconds after the 10 minute
data collection cycle was finished.
4.2.6 Optimum operational conditions
There is not a standard criterion under which the bias voltage should be reset that specifies
how often it must be reset and for how long should the “off-time“ should last. The
identification of 3-P pixels as described in section 4.2.4 provided a criterion for bias voltage
reset, since this pixel behaviour had a strong effect on the sensor’s uniformity under high
flux and could not be easily corrected.
Figure 4.17 shows the increase of the total number of 3-P pixels as a function of time
under different count rates. The detector was cooled to 10 ◦C and the data was collected
for 10 minutes with 500 ms frame rate and no bias voltage reset applied. Three features
can be observed in this figure. First, there is a baseline i.e. the sensor has some pixels
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that constantly count zero. These are the inactive pixels either due to contact issues or
being masked, i.e. the electronics behind it deactivated. Their total number was different
for each sensor. Second, a stable plateau where the total number of 3-P pixels does not
change or fluctuate by ±1. The plateau fundamentally corresponds to the duration the
detector is stable with respect to 3-P pixels. The duration of the plateau region was
dependent on flux and temperature. Third, a steady increase of the total number of 3-P
pixels. The rate of increase was dependent on both flux and temperature. These features
suggested a criterion which quantifies the moment in time where the plateau region ended.
Figure 4.17: Increase of the total number of 3-P pixels in the sensor over time. Criterion is
met when the total number of 3-P pixels is above the baseline value.
Firstly, in order to determine the criterion for each sensor a different baseline definition
was required. The baseline was determined by adding an offset of +3 to the total number
of 3-P pixels in the first frame. The addition of this offset was required in order to
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ignore the minor fluctuations in the number of 3-P pixels as shown in the 40 kcps per
pixel dataset in figure 4.17. This way the criterion took into account the whole sensor’s
behaviour. Afterwards, the criterion identified the instance in time where the total number
of 3-P pixels was higher than the defined baseline, i.e. the end of the stable plateau. The
extracted time value was used as the bias voltage reset time. This process was repeated
for each of the fluxes and the temperatures tested. The generated criteria produced an
optimum operational conditions (OOC) chart as seen in figure 4.18. The figure shows the
time at which the bias voltage should be reset for different operating temperatures and
incident average flux expressed in counts per pixel. Following the criterion ensures that
the detector is kept at the stable plateau region. The error bars are not shown as the
error on each of the extracted data point from the criterion would have an error that is
half the frame time. This is due to the addition of the offset to the baseline which takes
into account the whole sensors behaviour. Also, the OOC charts are reproducible for all
the sensors despite them having different polarization response.
An empirical approach to fit the data shown in figure 4.18 with double exponential
was chosen as a single exponential did not fit the data correctly. The double exponential
could suggest that the polarization has a fast and a slow component. The extracted time
decay constants were in the range of 0.03 ± 0.02 s−1 and 0.002 ± 0.001 s−1 for the first and
second exponential respectively, within the limitations of the precision of the individual
fits. It was not possible to identify any further systematic dependency on the operating
conditions with confidence. As shown in figure 4.18, the colder the detector the longer it
can operate before the criterion is met, which agrees with previously published data [54].
In addition, the total efficiency of the detector did not degrade below 95% when applying
the extracted depolarization time from the criterion.
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Figure 4.18: Optimum Operational Conditions(OOC) charts for each of the sensor of a quad
assembly: for the 1st quadrant (a), 2nd quadrant (b), 3rd quadrant (c) and 4th quadrant (d).
Each point of each line represents the time instance, where the criterion is met, and its
dependence on flux and temperature.
4.3 Summary
An extensive study into the polarization effects on Schottky CdTe sensor bump-bonded
to Medipix3RX detector was presented. The results showed that in both single and
quad assemblies a significant polarization was dependent on temperature of the system,
exposure time and radiation flux. These operational conditions must be taken into account
when operating the detector. Furthermore, a new pixel behaviour was identified called
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tri-phase (3-P) pixels that have not been reported in literature prior to this project.
These pixels have a non-linear behaviour, where firstly a steady increase of counts was
observed followed by a more rapid increase of counts until a maximum value. Afterwards,
the counts in the 3-P pixels dropped to zero and stayed so until a bias voltage reset
was applied, which restored the 3-P pixels, as well as, the rest of the sensor to uniform
status i.e. eliminating any degradation in performance from polarization. Each 3-P pixel
had the same three features, however, they occurred after different time instances, which
meant that flat-field corrections could not be applied on the whole sensor. The rate of the
features was related to the rate of polarization of the detector and was reproducible for
all the systems tested. The behaviour of 3-P pixels possibly occurs due to the localised
defects in the CdTe crystal above the pixel’s volume, focusing the electric field as a lens,
thus, increasing the strength of the local electric field there. This results in an increase of
charge drifting to the pixel and causing its dead time to increase to 100% due to flooding
of charge.
Moreover, a method for identifying optimum operational conditions was developed
that utilised the 3-P pixels as the criterion called an Optimum Operational Conditions
(OOC) chart. The 3-P pixels were chosen as under high flux conditions that occurs in
synchrotron applications such as powder diffraction them being the dominating defect of
flat-field non-uniformity that cannot be easily corrected using flat-field corrections. The
method took into account the aforementioned operational conditions and suggested when
the bias voltage reset needs to be applied in order to maintain stable operation. When
the detector was depolarized following the OOC chart, the total efficiency of the detector
did not drop below 95 %. The OOC chart was reproducible for multiple detector systems
despite different defects and sensitivity to polarization.
To conclude, the Schottky CdTe Medipix3RX detector could be used for powder
diffraction experiments when operating the detector in single pixel mode. The results
of this application will be shown in section 5.4.2. Moreover, the color mode could be
employed in Laue diffraction experiments, where the sample is illuminated with a white
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beam and the reflections have different wavelength according to Bragg condition. The
Medipix3RX detector operated in color mode would be able to detect the position as well
as the wavelength range where the particular reflection falls into.
103
Chapter 5
Spectroscopic imaging using
Schottky CdTe Medipix3RX and
HEXITEC detectors
State-of-the-art spectroscopic imaging detector systems, namely, Medipix3RX and HEX-
ITEC has potential to be applied in a wide range of applications due to their superb char-
acteristics. The results of applying these systems in medical, security and synchrotron
application are presented in this chapter. Prior to application experiments, a direct com-
parison in terms of spectroscopic and imaging performance of these systems was performed
and is presented in this chapter.
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5.1 Spectroscopic and imaging performance of
Medipix3RX and HEXITEC detectors
Methods
5.1.1 HEXITEC detector
The HEXITEC (High Energy X-ray Imaging TEChnology) collaboration has developed
the HEXITEC ASIC for high-Z pixelated geometry detectors with focus on spectroscopic
performance while sacrificing the speed of acquisition. The targeted applications were
synchrotron diffraction and tomography experiments as well as space science imaging.
These applications require a detector system with superb energy resolution and speed.
The reduction in speed of acquisition was compensated by implementing the region of
interest feature which allows fast readout in smaller areas of the detector. [81]
The HEXITEC ASIC consists of a 80 x 80 pixel matrix with 250 µm pixel pitch. Each
pixel has identical pixel circuitry which consists of a charge preamplifier, a shaping ampli-
fier and a peak hold circuit as shown in figure 5.1. The charge preamplifier incorporates
a leakage current compensation current which provides it with immunity to dark currents
of up to 50 pA in each pixel [82]. The HEXITEC detector used in this study had a 1 mm
thick Schottky type CdTe flip-chip bonded to the ASIC using gold stud and silver epoxy
bonds. The 250 µm pixel pitch is small enough for charge sharing effects to occur. How-
ever, the pixel architecture holding information of individual photons allows for charge
sharing correction algorithms to be applied oﬄine. The maximum photon detection rate
that allows the charge sharing correction algorithm to be effective is 2.5 x 106 photons s−1
cm−2. Furthermore, the ASIC consumes approximately 1.5 W of power which generates
enough heat that can result in the system reaching 320 K temperature. In order to control
this, a Peltier cooling system is implemented in the DAQ system which allows to control
the temperature inside the system in the range of 275 - 310 K with an accuracy of ±0.1
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Figure 5.1: The pixel architecture of a HEXITEC ASIC. Adopted from [81]
Since the HEXITEC system saves the information of each individual photon inter-
action, the charge shared events can be corrected for using post-process charge sharing
discrimination (CSD) or charge sharing addition (CSA) algorithms. In both of these al-
gorithms, each frame of data is inspected for charged shared events by looking for two or
more neighbouring pixels to be above the low energy threshold. The identified pixels are
assumed to have charge shared events. In CSD the charge shared events are removed from
the data set, thus, only single pixel events are remaining. In CSA, the energies of each of
the neighbouring pixels with charge shared events are calculated from the magnitude of
the pixel output. Afterwards, the energies are added together and attributed to the pixel
with the highest energy deposited during the interaction while the other neighbouring
pixels are set to zero [82].
5.1.2 Spectroscopic performance
Before testing both Medipix3RX and HEXITEC detectors in a range of applications, a
direct comparison of spectroscopic and imaging performances was performed. The spec-
troscopic response of both of the systems was evaluated at the Rutherford Appleton
Laboratory (RAL). The comparison was performed by placing each detector system 14
cm away from a 185 MBq 241Am radioactive source. This distance was selected in or-
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der to have a uniform illumination of the detector. 241Am emits a 59.5 keV γ-ray that
is commonly used for evaluating the spectroscopic response of detectors as there are no
additional γ-rays emitted around the main peak. Also, the 59.5 keV γ-ray is significantly
above the fluorescence of Cd and Te which is useful when evaluating spectroscopic per-
formance. The spectrum of the HEXITEC detector was collected for 25 minutes. This
duration ensured that each pixel of the HEXITEC detector had enough statistics. The
detector was cooled to 6 ◦C and had 400 V applied bias voltage. No bias voltage reset was
applied as the polarization effects were negligible after 15 minutes under low temperature.
The Medipix3RX detector obtained a spectrum by scanning the lower DAC threshold
(THL) in ascending order with respect to the DAC channels which results in an S-curve.
At each scan point a total number of counts above the lower energy threshold is recorded.
As the THL increased, the total number of counts recorded decreased as less events were
above the low energy threshold. As the scan of the lower threshold moves across a drop in
counts is registered, thus creating an S-shape curve. After a DAC scan was finished, the
resulting S-curve was numerically differentiated using a MATLAB algorithm and resulted
in a spectrum. The Medipix3RX detector was collecting data for 8 hours in order to
obtain as much statistics as possible within time available to access the 241Am radioactive
source. It was cooled to 18 ◦C, 500 V bias voltage was applied and had a bias voltage
reset for 5 s after each scan position in order to eliminate polarization effects since as
established in section 4.2.2, rate of polarization is highly dependent on the temperature
of the detector.
5.1.3 Imaging performance
The imaging performance of both detectors was compared by acquiring a modulation
transfer function (MTF) on both detector systems using a laboratory X-ray tube. An
MTF represents a normalised transfer of contrast through a system at specific spatial
frequency expressed in line pairs per mm (lp/mm). A metal plate was positioned in
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front of each of the detectors and illuminated with the laboratory X-ray tube. The plate
was rotated 4◦ with respect to pixel edge. No flat-field correction was performed on the
obtained images. The sum of the total counts across the edge of the object results in an
edge spread function (ESF). Afterwards, a sigmoid curve is fitted onto the edge profile
and a derivative is taken of the sigmoid. Fitting the ESF with a sigmoid function resulted
in a significant increase of the total number of points of the ESF and alters the sampling
rate. The correct sampling rate was calculated using equation 5.1.
samplingrate =
Ndata/npixels
d
(5.1)
where Ndata - number of data points from the sigmoid fit; npixels - number of pixels
used for the ESF and d - pixel pitch. Finally, a Fourier transform is performed resulting
in an MTF [83].
Results
5.1.4 Spectroscopic response
The 241Am spectra for Medipix3RX detector are shown in figure 5.2. The first spectrum
was obtained using SPM with no charge sharing corrections performed while the second
spectrum was collected using CCSM i.e. charge sharing summing mode. The displayed
spectra are from the whole sensor. A single pixel spectrum did not have enough statistics
to be displayed. Enabling charge summing mode had two significant effects. Firstly, the
peak to background ratio increased significantly from 4.3 to 30.9. Secondly, the energy
resolution degraded from FWHM 3.7 keV ± 0.3 keV at 59.5 keV to FWHM 6.4 keV ± 1.5
keV at 59.5 keV. The energy resolution in both SPM and CCSM cases could be improved
if threshold equalisation of each of the pixels was performed using the 241Am radioactive
sample. The presented spectra were collected under noise threshold equalisation which
leads to pixel-gain dispersion at higher energies and, thus, broadens the obtained peak.
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The exact increase of energy resolution with respect to threshold equalization was not
evaluated. Furthermore, a significant difference in gain was noticed when comparing
SPM and CCSM. The peak position in CCSM super low gain mode (SLGM) and high
gain mode (HGM) was at 82 DAC channel and 120 DAC channel, respectively. In SPM
the peak position of SLGM and HGM was at 172 DAC channel and 195 DAC channel.
The significant difference in the gain and reduction in energy resolution suggested that
currently CCSM should not be used for low energy applications as a deviation of a single
DAC channel corresponded to approximately 2 keV in change in energy.
Figure 5.2: 241Am spectra of the whole Medipix3RX detector system. The spectrum in blue
was collected using Color Charge Summing Mode (CCSM) and high gain mode. The spectrum
in red was collected using Single Pixel Mode (SPM) and super low gain mode.
The HEXITEC detector uses a charge summing discrimination (CSD) algorithm to
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eliminate charge shared events. Since energy and position information is saved on each
detected photon, the events where charge was shared in between multiple pixels are elim-
inated. The elimination of charge shared events did not reduce the number of counts in
the main peak as shown in figure 5.3. The spectrum in blue did not have the charge
sharing algorithm applied while the spectrum in red had. The spectra shown are from
the same pixel in the middle of the detector. The application of CSD increased the peak
to background ration from 14 to 83. Currently, CdTe HEXITEC detectors have the best
energy resolution of CdTe detector reaching as low as FWHM 0.8 keV ± 0.2 keV at 59.5
keV [82]. The spectra showed in figure 5.3 had the FWHM of 1.0 keV ± 0.2 keV at 59.5
keV.
Figure 5.3: Comparison of HEXITEC detector’s charge sharing discrimination algorithm
effect on 241Am spectrum.
Comparison of the spectroscopy response of both systems is shown in figure 5.4. These
spectra had no charge correction algorithms applied. The HEXITEC showed a higher
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energy resolution of FWHM 1.0 keV ± 0.2 keV at 59.5 keV while the Medipix3RX detector
energy resolution was FWHM 3.7 keV ± 0.3 keV at 59.5 keV.
Figure 5.4: Comparison of spectroscopic response of 241Am spectrum from Medipix3RX and
HEXITEC detectors.
5.1.5 Imaging performance
The imaging performance of both detectors is compared utilising the MTF which is shown
in figure 5.5. The Medipix3RX detector showed a higher imaging resolution due to the
smaller pixel size. The 0.5 MTF for Medipix3RX was found to be at 3.5 lp/mm while the
HEXITEC’s was at 2.2 lp/mm. The smaller pixel pitch of Medipix3RX is expected to
have a higher MTF at this value. The degradation arose from charge sharing events since
the detector was illuminated with a 90 keV X-ray beam and no charge sharing correction
was performed. The higher energy X-rays generated a larger volume charge cloud when
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interacting with CdTe, which caused more charge sharing events. Also, the smaller the
pixel size the higher the number of charge sharing events.
Figure 5.5: Comparison of spatial resolution of Medipix3RX 110 µm and HEXITEC 250 µm
detectors. The smaller pixel size of Medipix3RX results in a higher spatial resolution.
5.2 Security Application: Identification of Transitional
Metals
Radiation detectors are commonly used in security applications. The requirements for
the detector technology can range widely depending on the security application as the
X-ray energy can range from 90 keV in small parcel screening [84] to over 7 MeV in cargo
container screening [85], the size of the detector systems required can differ from cabin
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luggage (55 x 40 x 20 cm [86]) to a cargo container (6 x 12 x 2.5 m [87]). Scaling up
CdTe detector systems to the size of cargo containers would be extremely expensive and
not as useful as the energies of radiation are over 7 MeV. However, the spectroscopic
imaging systems such as Medipix3RX and HEXITEC would be useful in cabin-hold bag-
gage scanning systems which employ X-ray imaging to distinguish between the materials
of the objects inside the luggage. Currently available commercial systems such as Hi-
SCAN6040C [88] or RAPISCAN MVXR5000 [89] allow a few ”color” images where each
”color” corresponds to different density or type of material [90]. Typical X-ray energies
for cabin-hold baggage scan are up to 200 keV [91] [88] which is beyond Si absorption
efficiency range, thus, making CdTe detectors very attractive. The HEXITEC system
could potentially provide a color imaging of as many ”colors” as required as the obtained
complete spectrum could be divided into as many energy bands as needed. Medipix3RX
”Color” mode could be employed in order to collect multiple energy windows as well.
5.2.1 Methods
In order to test the usability of both Medipix and HEXITEC detector systems in security
applications, an identification of transitional metals experiment was setup at the RAL.
The detectors were positioned in front of a laboratory X-ray tube and a phantom with
multiple transitional metals was placed in between the detector and the X-ray tube. This
resulted in an absorption spectrum for each of the metals being collected. The challenge
of this experiment is that the absorption edges of Pb, Sn, In and Ag lie in the range of
Cd and Te fluorescence peaks. Both the detector systems were positioned approximately
93 cm way from the X-ray tube. The phantom was placed 4 cm in front of the detector in
order to keep the magnification of the sample the same. The phantom for this experiment
was a 2.5 cm x 2.5 cm copper plate of 1 mm thickness. Five 3 mm diameter holes were in
the centre of the plate and were filled with one of five different solders: In, Sn, Pb, PbSn,
Ag (epoxy) as shown in figure 5.6.
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Figure 5.6: Copper phantom containing five transitional metals in each 3 mm diameter holes,
namely, Pb, PbSn, Ag, In and Sn
The laboratory Tungsten target X-ray tube used had the maximum operational voltage
of 130 kVp and the maximum operational power of 3 W. The detectors were illuminated
by a direct X-ray beam from the X-ray tube.
Data collection
The data collection for Medipix and HEXITEC detectors differed as shown in table 5.1.
Table 5.1: The differences in data collection setup using Medipix3RX and HEXITEC detector
systems.
Parameter of the setup HEXITEC Medipix3RX
Bias Voltage -400 V -500 V
Bias Voltage refresh time 60 s On and 10 s Off No Bias voltage refresh
Temperature (Cold Finger) 0 ◦C 18 ◦C
Temperature (Sensor) 8 ◦C 23 ◦C
Data collection duration 28 minutes 30 minutes
X-ray tube op. cond. 90 kVp, 0.2 W 130 kVp, 3 W
The HEXITEC system could be cooled to near zero temperatures due to the enclosed
casing of the detector having a built-in dehumidifier. The Medipix3RX chip operates at
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much higher read-out rates which explains why the power of the X-ray tube was set to
be 15 times higher than that of the HEXITEC measurements.
The differences in data collection arose from the different way each of the detector
saves the data. The Medipix3RX chip saves individual frame in which count values of
each of the pixels are saved. The HEXITEC detector resolves the energy of every single
detected photon into a bin in the spectrum and builds the spectrum over time. This
does result in a slower readout rate but the energy resolution is much higher than that
of Medipix3RX. In this experiment, two data sets were collected using the HEXITEC
system. The first one was the image of the phantom while the second one was an image
without the phantom. This way background subtraction from the polychromatic X-ray
tube could be performed. Each dataset was collected for 28 minutes in order to collect
enough statistics to identify the k-edges. The spectrum of each individual pixel can be
observed online during the data collection.
The color mode of the Medipix3RX detector was utilised for this detector which is
explained in 4.1.1. Three different color window sets were collected in order to generate a
coarse absorption spectrum. The thresholds were set 3 keV apart and ranged from 7 keV
to 80 keV since all the K-edges are contained in this range with Cu K-edge lying at 9 keV
and Pb K- alphas being at 73 and 75 keV [60]. The kα of Pb was used for identification
instead of the K-edge itself since the spectrum generated of the X-ray tube had a small
amount of X-rays produced at energies above 80 keV. Six different data sets were collected
in total: three color window sets with the image containing the copper phantom as well as
three color window sets with an image without the phantom for background subtraction.
1000 frames were collected for each color window set which provided sufficient statistics
throughout all the energy thresholds. The data was collected for 30 minutes since each
color window set took 10 minutes to accumulate.
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5.2.2 Results
Medipix3RX detector
A stitched image of three color windows spanning from 7 keV to 80 keV is displayed in fig-
ure 5.7. The distinction of the transitional metals utilised the attenuation coefficient data
displayed in figure 5.8. In this figure the spikes in the attenuation coefficient correspond
to the K-edge of the displayed metals. The difference between the lines is the energy
of the absorption edge of each material as well as the overall attenuation of the X-rays
represented as the area under the curve. In the experimental data, the absorption edges
would appear as a reduction of the number of counts around the energy of the absorption
edge which would allow identification of specific metal.
Figure 5.7: Attenuation coefficients from each color window of Medipix3RX detector. The
identified metals are displayed in the legend
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Figure 5.8: Attenuation coefficients of transitional metals from literature [92]
Figure 5.9: A zoomed in attenuation coefficients of Ag line
Firstly, the Pb and PbSn solders were identified. As shown in figure 5.8 the Pb and
PbSn solders have the highest attenuation coefficients i.e. absorbing most photons. This
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allowed the top blue and red lines in figure 5.7 to be assigned to Pb and PbSn. Also,
both of these lines had a distinctive reduction of absorption at approximately 12 keV and
70 keV where the Pb 10.5 keV Lα and 73 keV Kα fluorescence is measured. The first
distinction between these two lines was that the red line has slightly lower attenuation
coefficient than the blue one which suggested that the red line should be of PbSn. To
support this, a reduction of the absorption is observed on the red line at approximately
30 keV and not on the blue one which corresponded to the Sn 29 keV Kβ fluorescence.
Second, Indium and Tin solders were identified. They were selected to be the green
and the cyan lines due to the knowledge that the Ag epoxy soldering quality was poor.
This explains the drastically lower absorption of the magenta line compared to the others.
Distinguishing In from Sn was difficult as their K-edges of 28 keV and 29 keV are closely
spaced together. In addition, they also lie in the range of the Te fluorescence peak of 27.5
keV which arises from the detector itself. However, the presence of the Te fluorescence
peak assisted with the distinction of these two transitional metals. The theoretical ab-
sorption of these metals is very close as seen in the red and cyan line in figure 5.8. The
difference in the overall absorption observed in the green and cyan lines in figure 5.7 is
due to soldering resulting in a thickness smaller than 1 mm. The main distinctive feature
observed between these two lines is seen in around the 30 keV. A reduction of absorption
seen on the green line indicated that more counts were registered in that energy window.
This suggests that the K-edge in that energy window does not overlap with the K-edge
of Te and the Te fluorescence generated counts are detected. Since the K-edge of Sn is at
higher energy than the K-edge of In, it suggests that the green line belongs to Sn. Fur-
thermore, in the case of In, the counts from the Te fluorescence are compensating for the
reduction of counts due to the K-edge of In. This explains why a reduction of absorption
around 30 keV is not observed in the cyan line.
Absorption of Cu are displayed in the gold line. The 9 keV Cu K-edge is not prominent
in the image as it was on the edge of the first color window used for this measurement.
The only significant feature is the lowest absorption compared to the other 4 metals,
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which suggested Cu.
A zoom into the absorption is displayed in figure 5.9. The significant difference in
absorption of Ag solder compared to others was due to poor quality soldering of the Ag
epoxy which resulted in a thickness less than 1 mm which was assumed for the extraction
of the absorption. The spectrum of the small thickness Ag solder did not contain any
distinct features that would allow to clearly identify this metal. However, the expected
feature would have been a reduction in Cd 23 Kα fluorescence peak since it would be
overlapping with the K-edge of Ag of 25 keV.
It was noticed that the extracted absorption coefficient does not match with the lit-
erature. The extracted coefficient is of two orders of magnitude lower than the expected
value for all of the metals. The ratio of I0 and I was lower than expected. This incon-
sistency was in the raw data from the experiment and the same difference between the
extracted coefficient and expected values was found in the HEXITEC data. This sug-
gests a systematic error. The source of this systematic error was narrowed down to few
possibilities. First, fluorescence emitted from transitional metals and the CdTe detector
would result in affect the ratio between I0 and I as it would introduce additional counts.
Second, dead time of the detector arising with the incident flux would affect the I0 and
I differently. Third, the scatter from the lead shielding in the X-ray tube hatch would
create additional counts throughout the energy range which would explain the shallow
decrease of extracted absorption coefficient over the energies in figure 5.7 when compared
to the trend in figure 5.8. Fourth, the polarization affecting the detector cause different
levels of degradation over the 10 minutes due to differences in flux between I0 and I. De-
spite the difference in the extracted values to the literature from the systematic error, the
absorption coefficients of each individual transitional metal matched the expected energy
values. The experiment must be repeated in order to eliminate the systematic error and
identify its source in future as the proposed possible sources should not justify two orders
of magnitude difference in the data. The next steps would be setting up experiments
for distinguishing low Z transitional metals followed by identifying and distinguishing
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unknown transitional metals.
In theory, a minimum of two energy thresholds around the absorption edge of a specific
material are required to identify it. Multiple thresholds can be set to look for specific
materials that are associated with dangerous materials. On the other hand, a set of coarser
energy thresholds can be set in the ranges of absorption edges of elements of interest. This
would reduce the sensitivity as absorption edges of multiple elements would fall into the
energy threshold but would allow to determine whether any material of interest is in that
energy range, thus, increasing the specificity of the system. However, further research
is required to investigate the real limitations of applying a spectroscopic imaging system
such as this in real world application as not only the typical explosives are made of low-Z
materials for which the systems were not tested.
HEXITEC
The identification of transitional metals using HEXITEC system employed the superb
energy resolution of the detector and is displayed in figure 5.10. A spectrum from a pixel
behind each individual solder was taken and overlapped with the attenuation coefficient
lines from figure 5.8. The spectra were charge share corrected. The K-edges appeared as
a reduction of counts in the spectrum and was identified for each solder successfully. The
identification of each transitional metal relied on identifying the K-edges in the spectrum
as well as taking into account the shape of the spectrum’s background. The background
followed the general shape of the attenuation coefficient line as shown in figure 5.8. Over-
lapping of these lines with a pixel spectrum as well as comparing to the background (I0)
spectrum resulted in the identification of the transitional metals. Every spectrum dis-
played in this image has an increase of counts of energies above 40 keV. These are the
scattered photons from the lead shielding around the X-ray tube enclosure.
Fig.5.10(a) shows the spectrum in the middle of the Cu plate. The 9 keV Cu K-edge
is clearly seen in the spectrum as it absorbed the characteristic 8.6 keV Lα and 10 keV
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Lβ X-rays. The rest of the spectrum followed the general background response.
The Pb and PbSn solders had L-edges lying in the energies from 12 keV to 16 keV.
In the Fig.5.10(d) and (f) the largest drop of counts is seen from the 12.6 keV peak to
the 15 keV to 20 keV valley which corresponded to the Pb L-edge. Furthermore, Pb had
the highest absorption of all the metals as shown in figure 5.8 and the Fig.5.8(f) had the
lowest number of counts in the spectrum indicating the highest absorption of all 6 metals.
Furthermore, K-edge of Sn of 29 keV is seen in Fig.5.10(d) in addition of the absorption
of Pb L-lines, which indicates that this metal as PbSn.
Fig.5.10(c) shows a single pixel spectrum of the 4th metal investigated. The spectrum
shape matches the trend of the I0 background until after the Te Kα peak of 27.5 keV.
The peak is cut early and an absorption edge is observed at 28 keV which corresponded
to the K-edge of In.
Fig.5.10(e) shows the spectrum of another metal that followed the general trend of
the background until the Te Kα peak of 27.5 keV. However, in this case the absorption
edge is seen at 29 keV which corresponds to the K-edge of Sn.
The final spectrum in Fig.5.10(b) does not have a prominent Kα peak of 27.5 keV.
This is due to an absorption edge lying just before it which corresponded to the Ag K-edge
of 25.5 keV.
Without the prior knowledge of the transitional metals, the K-edges and Kα fluores-
cence peaks of other transitional metals would be distinct in the spectrum even using a
polychromatic X-ray beam in security applications.
The absorption coefficient extraction method as performed using Medipix3RX detector
was tested for the HEXITEC detector as well. However, the plotted absorption coefficients
against energy did not produce characteristic features that would allow identifying the
transitional metals. This due to low statistics in the individual pixel spectrum. It was
attempted to sum spectra of multiple pixels in order to increase the statistics. However,
a pixel-gain dispersion resulted in misalignment of the spectra with respect to each other
and summing them together resulted in blurring of the peaks and, hence, hiding any
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features. An energy calibration using W L-lines and CdTe fluorescence peaks did not
calibrate the energies of the spectra to overlap completely.
Applying HEXITEC in scanning of small luggages could be performed. Utilising the
full spectroscopic capabilities of the detector would allow any number of energy windows
to be set up as discussed in section 2.4.2.
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Figure 5.10: A single pixel spectrum obtained from each of the transitional metals with the
HEXITEC detector is displayed. The spectrum is overlapped with the background (I0) spectrum
of the same pixel as well as the absorption edge of the identified solder. The absorption edge
curves were taken from literature [92]
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5.3 Medical Imaging Application: K-edge subtrac-
tion
A field that would benefit from these high-Z detectors with spectroscopic imaging func-
tion is medical imaging. X-ray mammography is a common breast screening technique
for imaging for tumours in patients that allows early detection of carcinoma. X-ray mam-
mography is performed either using Screen-film mammography (SFM) or Digital mam-
mography (DM). Currently, SFM is the gold standard for breast cancer detection and it
has been perfected since the 1970s by researchers and technicians in hospitals [93]. SFM
has high spatial resolution of 16 to 20 lp/mm which helps identifying small lesions. One
of the limitations of SFM is the contrast resolution. This makes dense breasts imaging
less effective as the attenuation coefficients of the breast tissue and the tumour are close
to each other [94]. Moreover, the image on the screen cannot be improved after the ex-
periment, while the DM allows for manipulations on the obtained image to be performed.
In order to increase the contrast between the tissue and tumour, a contrast agent such as
Iodine is clinically used. The contrast agent is intravenously injected and resides in more
vascular areas which typically are cancerous. The use of contrast agent in mammogra-
phy is called contrast-enhanced digital mammography (CEDM) [95]. Typically, a pair of
mammograms is taken in order to be perform background subtraction. The first one is
without the contrast agent, while the second one is after the contrast agent was injected.
This allows to eliminate healthy tissue from the image and study lesions or tumours
in more detail. However, using a detector with spectroscopic imaging capabilities allow
to collect the information of both mammograms simultaneously by integrating different
bands of the detected spectrum. Furthermore, a K-edge subtraction can be performed
using the two different band of the spectrum as discussed in 2.4.2. In order to perform
K-edge subtraction on an Iodine contrast agent, X-rays of energies of above 35 keV must
be used. Si-based detectors would not be efficient at these X-ray energies, thus, requiring
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high-Z such as CdTe detectors being used.
5.3.1 Methods
The Medipix3RX and HEXITEC detectors were tested in medical imaging application,
namely K-edge subtraction for mammography. The experiment was set up at the Uni-
versity of Surrey. The aim of the experiment was to perform K-edge subtraction from
the image which would result in elimination of background and identification of Iodine
inside the image. The detector was positioned in front of a laboratory X-ray tube with a
phantom in between the detector and X-ray tube. The Molybdenum target X-ray tube
had the operational voltage set to 50 kVp and the operational current was set to 10 mA.
The X-ray beam was attenuated using 3 mm thick Al plate for all the measurements.
Figure 5.11: A schematic of the composition of the medical imaging phantom. The side-view
of the test object and glandular phantom is shown in (a). The front-view of the test object is
displayed in (b).
The imaged phantom is shown in figure 5.11. The phantom was comprised of a test
object and a glandular phantom. The plastic test object had three holes drilled with
diameters of 1 mm, 2 mm and 3 mm. These holes were filled with Niopam 150 mg Iodine
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solution. The glandular phantom was a plastic box filled with acrylic (PMMA) spheres
of sizes ranging from 5 mm to 15 mm and olive oil as a medium. The glandular phantom
mimicked non-uniformity of breast tissue. [96]
The data collected using the Medipix3RX detector system utilised the color mode.
A set of color windows set around the K-edge of Iodine of 33 keV was set. The K-edge
subtraction used two color windows, the first one was set to 30 keV to 32 keV, while
the second one was 34 keV to 36 keV. The successful K-edge subtraction would result
in background subtraction as well as isolation of Iodine inside the image. The Iodine
would be isolated since only the K-edge component would be remaining in the subtracted
spectrum which was discussed in section 2.4.2. The data was collected for 4000 frames
with frame rate set to 150 ms. The Mo target X-ray tube was set to 100 kVp operational
voltage and 1 mA operational current. The detector was cooled to 16 ◦C.
The HEXITEC detector was tested under a different X-ray tube and illumination
conditions. This was due to a fault with the Mo-target X-ray tube. For the measurements
a Tungsten target X-ray tube was used and set to 50 kVp operational voltage and 5 µA
operational current. The images were collected for 300 s. For consistency, the same 2
keV energy windows were used for K-edge subtraction as in Medipix3RX detector’s case,
namely, 30 keV to 32 keV and 34 keV to 36 keV.
In addition to K-edge subtraction measurements, the fast readout of the Medipix3RX
detector was put to test in a dynamic measurement of localization of a tumour. Plastic
tubing was positioned in front of the glandular phantom and connected to a syringe
with Iodine solution. The syringe pushed the Iodine through the plastic tubing and the
movement of Iodine was recorded. The X-ray tube was set to 50 kVp operational voltage
and 10 mA operational current. The frame rate was set to 100 ms and the detector was
kept at 16 ◦C.
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5.3.2 Results
Medipix3RX
Figure 5.12 shows the effect of K-edge subtraction of the test object. In Fig.5.12(a)
shows the raw image collected where the glandular phantom is covering most of the
test object. The smallest 1 mm container is almost not visible in this image. However,
in Fig.5.12(b) the test object and Iodine in it is clearly visible and the background is
completely eliminated. The extracted contrast-to-noise ratio was 20.32, 27.18, and 39.41
for 1 mm, 2 mm, and 3 mm containers, respectively. The red lines crossing the middle
of the image arose from double counting pixels in between the quadrants and were not
corrected for. Furthermore, the top of the test object is also shown where some of the
Iodine spilled from the tubes.
Figure 5.12: Raw image of the test object behind the glandular phantom using Medipix3RX
detector (a). The resulting image after performing K-edge subtraction using 30 keV to 32 keV
and 34 keV to 36 keV energy windows (b).
Figure 5.13 displays the K-edge subtraction of the Iodine test object using HEXITEC
detector system. Fig.5.13(a) is the raw image where the spectrum of each pixel was
summed. Fig.5.13(b) shows the image after K-edge subtraction was performed. The
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extracted contrast-to-noise ratio was 9.01, 17.87, and 27.94 for 1 mm, 2 mm, and 3
mm containers, respectively. The background in Fig.5.13(a) is not as prominent as in
Fig.5.12(a). This is due to the measurement being obtained using a lower energy X-
ray tube of a 50 kVp instead of the 100 kVp one as in Medipix3RX detector’s case. The
absorption of Iodine is much stronger than that of the glandular phantom since the atomic
number of Iodine is 53, while the breast tissue equivalent phantom had the absorption
equivalent to that of atomic number of 7. This meant that the absorption of lower energy
X-rays was much stronger by the Iodine when compared to the X-ray from the 100 kVp
beam. Performing K-edge subtraction on the image successfully removed the background.
Furthermore, regions with higher concentration of Iodine are also visible. This is due to
Iodine beginning to crystallise inside the test object. Also, in Fig.5.13(b) a lot of ”hot”
pixels are visible with values over one. They resulted the outcome of the logarithmic
division having I factor being greater than I0. This meant that the image obtained
without the test-object had less counts that the one with the test-object. This would have
resulted from the preamp-gain dispersion in between pixels which would have shifted the
resolved energy spectrum in between the channels. This meant that the selected bins for
energy windows did not correspond to the energies they were assumed to have.
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Figure 5.13: Raw image of the test object behind the glandular phantom using HEXITEC
detector (a). The resulting image after performing K-edge subtraction using 30 keV to 32 keV
and 34 keV to 36 keV energy windows (b). The spherical shape in the background in (a) is the
PMMA sphere.
The dynamic measurement results of the Medipix3RX is shown in figure 5.14. The
six frames displayed here shows different instances in time during the measurement. The
150 ms frame rate allowed to not only image the spread of Iodine throughout the plastic
tube but, also, to track individual bubbles of Iodine passing through the tube. Fig.5.14(a)
is the initial frame of the measurement. The darker circles are the Iodine bubbles that
remained in the plastic tube from a previous measurement. In Fig.5.14(b) and (c) shows
the movement of the Iodine bubbles prior to the whole volume of Iodine reached the
tubing from the syringe. Each individual 300 µm diameter bubbles can be successfully
tracked despite some of the blurring arising from the movement. Figures Fig.5.14(d) to
(f) shows the tubing being filled with Iodine. The time it took to fill the tube was 3
seconds. The K-edge subtraction was not performed due to lack of statistics in the image,
thus, future research needs to evaluate the minimum number of statistics required for
performing K-edge subtraction of dynamic measurement.
The results from the Medipix3RX detector showed that this detector system can be
used in medical imaging applications. For future studies characterisation of parameters
such as minimum Iodine concentration detectable and subtractable from background with
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respect to incoming radiation flux should be investigated. Also, a switch to a single 24-bit
counter in the readout system would reduce the number of energy windows to 4 from 8
but each frame counter limit would be increased from 4095 to 8388600. This would allow
higher X-ray flux bursts to be imaged while minimising dead time. Furthermore, a higher
frame rate of can could also be used in dynamic imaging application since the readout
chip has a burst mode which allows the readout rate to be as high as 1200 frames/second.
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Figure 5.14: Six frames of the dynamic measurement from the Medipix3RX detector. The
K-edge subtraction was performed on each of the frames. Movement of Iodine bubbles prior to
Iodine reaching the plastic tubing shown in (a), (b) and (c). The movement of Iodine through
the plastic tubing shown in (d), (e) and (f).
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5.4 Powder diffraction with Medipix3RX
5.4.1 CeO2 Powder Diffraction
A powder diffraction experiment was setup at the I15 extreme conditions beam line at
DLS as shown in figure 5.15. The detector was placed 380 mm in front of the sample
on a translation stage that could be rotated 180 degrees. The CeO2 powder sample was
positioned in the X-ray beam path and had a beam stopper placed behind it. The CeO2
powder was chosen for the measurement as the Ce K-edge is at 40.4 keV which is in the
range of the operational energies of I15 beam line. The detector was cooled to 18 ◦C. Bias
voltage was refreshed for 15 s every 10 minutes in order to minimize polarization effects.
In order to record the powder diffraction over a wide range of angles using the small area
of detector of 28 mm x 28 mm, the detector was rotated around the 2θ angle and images
were taken at multiple positions. Afterwards, the images were stitched together in off line
data analysis resulting in a large area image of 253 mm x 28 mm.
Figure 5.15: Powder Diffraction experiment set up at the I15 beam line at Diamond Light
Source
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5.4.2 Results
The stitched image from the powder diffraction measurement is displayed in figure 5.16.
The dark circular object on the right hand side of the image was the beam-stopper. The
diffraction rings are clearly visible over the 42 degrees. The implementation of measures to
stabilise the detector as described in Chapter 4 contributed to the successful reconstruction
of the diffraction pattern. The polarisation would take place in the localised areas where
the rings are detected. However, the minor loss of counts due to high flux conditions
would not affect the spatial resolution of the ring structure. In order to prevent further
degradation of the image, the bias voltage reset still needed to be applied in between the
images. This ensured that the intensity of the rings was consistent in between the images.
Finally, the simulated diffraction of CeO2 positions were overlapped with the ring and
denoted as black crosses. The crosses matched the ring positions for all the angles which
dictates that the Medipix3RX detector is suitable for powder diffraction experiments in
synchrotron radiation facilities.
The HEXITEC system was not tested for the powder diffraction at a beam line. The
current HEXITEC ASIC would have significant issues at the beam line due to its slow
readout rate. The flux generated from the beam line would flood the detector causing the
dead-time to reach 100 %.
Figure 5.16: Large reconstructed image of the CeO2 powder diffraction pattern from a total of
21 images acquired with the quad CdTe detector. Data was collected in the range 0◦ ≤ 2 θ ≤
42◦ in steps of 2◦ . The black crosses correspond to the simulated diffraction pattern CeO2
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5.5 Summary
In this chapter a comparison between Medipix3RX and HEXITEC hybrid pixel detector
systems was presented. The comparison was comprised of directly comparing spectro-
scopic and imaging characteristics of these detectors as well as putting them to the test
in various applications. The application studies were at a proof of concept level and in
future could be studied in greater detail in terms of a number of parameters that was
stated at the end of each section. Both of these state-of-the-art systems showed great
potential to be used in medical and security applications.
The K-edge subtraction of Iodine was successful in both cases. The background was
eliminated and Iodine was identified. The HEXITEC detector should require less radia-
tion flux to successfully perform K-edge subtraction than Medipix3RX since each photon’s
energy information is saved in each pixel of the detector. Further research should provide
the minimum radiation flux requirement for K-edge subtraction. In addition, Medipix3RX
detector’s fast readout showed that this system could be used for dynamic measurements
as well, for example, tracking a radioactive isotope deposition in blood vessels. Further
research is required to characterise the full capability of using this detector for dynamic
measurement. HEXITEC detector’s current readout rate was too slow for dynamic stud-
ies.
In security application tests both detectors successfully identified and discriminated
between the transitional metals. Medipix3RX detector utilised the color mode and ex-
traction of absorption coefficient for discrimination, while HEXITEC system used the
raw spectrum in each individual pixel for the discrimination process. The statistics ob-
tained in 30 minutes using both systems was enough to discriminate between the dif-
ferent transitional metals. However, additional methods such as higher flux, integration
over a larger region of the detector could be employed in order to reduce the acquisi-
tion time. The identification of transitional metals using both systems showed that with
HEXITEC the discrimination between different metals can be performed in per-pixel ba-
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sis. In Medipix3RX detector, the sum of counts of an area was taken in order to obtain
the absorption coefficients. This means that the total spatial resolution using HEXITEC
detector system would be better when compared to Medipix3RX detector system since it
would have to use a Region of Interest method for identifying materials.
Finally, Medipix3RX detector was also put to test in synchrotron application where
a powder diffraction experiment was setup. The stitching of multiple images over a
range of angles provided with a diffraction image that matched the simulated diffraction
pattern for CeO2. Furthermore, the high frame rate of the Medipix3RX chip and the
radiation hardness of CdTe sensor suggest that this detector can be used in synchrotron
radiation facilities for diffraction experiments. The stability study reported in chapter 4
complements the evaluation of the usability of this system in synchrotron facilities as the
detector would have to be operated for long periods of time.
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Third generation synchrotron radiation facilities such as Diamond Light Source provide
access to the study atomic structures of various samples for scientists in a wide range
of fields such as biology, chemistry, pharmacology and other. There are 26 beam lines
dedicated to various experiments that require the detector technology to match each of
them individually as the required characteristics for the detectors of each beam line can
vary drastically. This work was motivated by the requirements of a few beam lines,
namely, I12 and I15, where Laue diffraction, powder diffraction and XAFS experiments
take place.
At the I12 beam line, a Ge detector with 5 mm x 5 mm pad size is currently used
for XAFS measurements. In order to increase intensity of the detected fluorescent X-rays
without increasing the scattering angle, a smaller pad size is utilised. For this purpose, a
segmented HPGe demonstrator detector with integrated charge sensitive CUBE pream-
plifiers was developed and characterised. The 4 mm thick Ge crystal was segmented into
a 10 x 10 pad matrix with 1 mm x 1 mm pad dimensions. The characterisation of the
front-end electronics by investigating the wave-form of the preamplifier output showed
a high-frequency oscillation which arose from electronic noise. The characterisation of
spectroscopic performance resulted in two issues. First, that charge sharing is a signifi-
cant issue as approximately 30 % of the active area is sensitive to it. Second, artefacts in
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spectra appeared that were generated from the electronic crosstalk between the pads. The
characterisation work showed energy resolution of below 160 eV at 5.9 keV for all tested
pads which is sufficient for XAFS experiments. The stability study performed in addition
to the charge sharing evaluation at the B16 beam line showed that the preamplifiers could
handle high radiation flux of 838 kcps per pad with a shift of the peak position smaller
than 1 %. The charge sharing evaluation showed that no charge was lost on the edges of
the pads. In the future a full development of this detector is scheduled. The full detector
system will have a 20 x 20 pad matrix with an individual preamplifier for each pad and
housed in a custom-built cryostat. The new design will also address the electronic noise
and crosstalk issues as well as employ charge sharing correction algorithms. The new
system should replace the current generation Germanium detector at the DLS.
The powder diffraction experiments require a detector with high spatial resolution
which the Ge detectors cannot provide. This led to investigating Schottky e- collection
CdTe Medipix3RX detector to replace the current Si-based systems at the I15 beam
line. Schottky CdTe is known to suffer from polarization issues that cause instability
and degradation of detector’s performance over time. For this an extensive study into
the polarization effects of Schottky CdTe bump-bonded to a Medipix3RX ASIC was
performed. For the study single and quad assemblies were characterised. The results
showed that polarization is highly dependent on the temperature, incident flux, exposure
time and that these operational conditions must be taken into account in order to ensure
stable operation of the detector. Furthermore, a new pixel behaviour was identified called
tri-phase (3-P) pixels. The 3-P pixel behaviour cannot be easily corrected using flat-field
correction as these pixels have three different phases of behaviour occurring at different
instances in time for each pixel. Furthermore, a novel method for identifying optimum
operational conditions was proposed that used the 3-P as a criterion called Optimum
Operational Conditions (OOC) chart. The 3-P pixels were chosen as the criterion as
under high flux operation such as a beam line environment they were the dominant flat-
field defect. The OOC chart suggested the time instance when the detector should be
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depolarised with respect to the operational temperature and incident flux. The use of the
extracted depolarization time from OOC resulted in the detector efficiency not dropping
below 95 %. In future work the physics behind the 3-P pixels should be studied in detail
in order to fully understand the mechanism causing them. Furthermore, the CdTe-based
detector systems could replace the current Si-based detector in beam lines that conduct
powder and Laue diffraction experiment.
Finally, CdTe-based Medipix3RX and HEXITEC detector systems were tested for
applications outside synchrotron radiation facilities. First, both systems were compared
in terms of spectroscopic and imaging performances. Second, both systems were tested
for X-ray mammography application where K-edge subtraction of Iodine was performed.
Both systems successfully eliminated the background and Iodine was identified in the
phantom. The future work for this would entail performing a detail characterisation on
the minimum concentration of Iodine identifiable and lowest dose needed to still discrim-
inate background from Iodine. Third, both detectors identified and discriminated the
five transitional metals that had atomic numbers close to each other. The Medipix3RX
system utilised the color mode in order to obtain multiple energy windows for extraction
of absorption coefficient in each energy window. The identification and discrimination
of the metal solder using the HEXITEC system was performed on the raw spectrum.
In future, an algorithm for automated discrimination of absorption coefficient needs to
identified and applied for both systems. Also, both systems must be tested for low Z
material discrimination and identification in order to be applicable for airport security
applications.
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Appendix A
Electronic Crosstalk Signatures
Figure 6.1: Electronic crosstalk signal amongst all the channels.
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